
FTD-ID(RS)T-0767-88

(0

W ] FOREIGN TECHNOLOGY DIVISION0

DTIC
&%"LECTE

APR 0 7 198D

NANOSECOND PULSE TECHNIQUE

by

L.A. Morugin, G.V. Glebovich

Approved for public release;
Distribution unlimited.

:i 89 4 06 021



FTD- ID(RS)T-0767-88

PARTIALLY EDITED MACHINE TRANSLATION

FTD-ID(RS)T-0767-88 17 March 1989

MICROFICHE NR: FTD-89-C-000145

NANOSECOND PULSE TECHNIQUE

By: L.A. Morugin, G.V. Glebovich

English pages: 1018

Source: Nanosekundnaya Impul'snaya Tekhnika,
Publishing House "Sovetskoye Radio",
Moscow, 1964, pp. 1-623

Country of origin: USSR
This document is a machine translation.
Input by: David Servis, Inc.

F33657-87-D-0096
Merged by: Ruth A. Bennette, Nancy L. Burns, Donna L. Goode,

Charles W. Guerrant, Eva R. Johnson
Requester: Director, USAMSIC/AIAMS-DBL
Approved for public release; Distribution unlimited.

THIS TRANSLATION IS A RENDITION OF THE ORIGI-
NAL FOREIGN TEXT WITHOUT ANY ANALYTICAL OR PREPARED BY:
EDITORIAL COMMENT. STATEMENTS OR THEORIES
ADVOCATED OR IMPLIED ARE THOSE OF THE SOURCE TRANSLATION DIVISION
AND DO NOT NECESSARILY REFLECT THE POSITION FOREIGN TECHNOLOGY DIVISION
OR OPINION OF THE FOREIGN TECHNOLOGY DIVISION. WPAFB, OHIO.

; pTD- ID(RS)T-0767-88 Date 17 March 19 89



L), E03

corip
UJ.S Berm....

Preface........................................................................... 3

IntroductionB.................................................................. 4

Chapter One. -Transient Processes in Transmission Lines ......................... 9

Chapter Two. Transient Processes in Transmission Lines with the Discrete
Heterogeneities. Transformation of Pulses ..................................... 128

Chapter Three, Impulse Shaping in Linear Distributed Circuits .................. 214

Chapter Four. Impulse Shaping from the Shock Electromagnetic Waves,
Which are Propagated in the-Lines of Transmission ............................... 354

Chapter Five.-'Pulsing in RC-Circuits with Feedback ............................ 429

Chapter Six. Pulsing in Circuits with Inductive Feedback. Recirculators 520

Chapter Seven..Pulsing in Solid-State Circuits with Negative Resistance ... 597

Chapter Eight.,- Other Methods of Impulse Shaping ............................... 690

Chapter Nine. Amplification of Pulses ....................................... 755

Chapter Ten.. Oscillography of Pulses........................................... 827

Chapter Eleven. Measurements of Parameters of Pulses ........................ 958

References................................................................... 1009

C hatrTre mus hpngi ier)srbtdCrcis........ 1

Chate For.Imuls Sapng ro te Soc EectomgnticWaes

Whic ar Prpagtedin he ine ofTrasmision..................... 35



U. S. BOARD ON GEOGRAPHIC NAMES TRANSLITERATION SYSTEM

Block Italic Transliteration Block Italic Transliteration

A a A a A, a P P P P R, r

6 6 S 6 B, b C c C c S, s

Be B a V, v TT T m T, t
F r r # G, g Y y Y y Uu

A A 9 a D, d o 0 F, f

E e E 0 Ye, ye; E, e* X x X x Kh, kh

Hi H Zh, zh LA L u Ts, ts

3 3 3 0 Z, z HL4 V Ch, ch

M s H u I, I W w X Im Sh, sh

R g Y, y W L4 X W Shch, shch

H K x K, k b , 1 "
n7 JI A L, 1 bi A( it Y, y

M M M At M, m b b b 1

H H H V N, n 3 .9 9 E, e

0 o 0 O, o O Q D o Yu, yu

n 17 of P, p R R 2 a Ya, ya
*ye initially, after vowels, and after-6, b; e elsewhere.
When written as P in Russian, transliterate as y* or X.

RUSSIAN AND ENGLISH TRIGONOMETRIC FUNCTIONS

Russian English Russian English Russian English

sin sin sh sinh arc sh sinh-1

cos cos ch cosh arc ch cosb-1

tg tan th tanh arc th tanh 1

ctg cot cth coth arc cth coth -1

sec sec sch sech arc sch sech 1

cosec csc csch csch arc csch csch-1

Russian English

rot curl
lg log

GRAPHICS DISCLAIMER

All figures, graphics, tables, equations, etc.
merged into this translation were extracted
from the best quality copy available.

i '

|ti



DOC - 88076701 
PAGE

NANOSECOND PULSE TECHNIQUE.

L. A. Morugin, G. V. Glebovich.

7)

• ' :I



DOC - 88076701 PAGE 2

Page 2.

Book is dedicated to presentation of fundamental questions of

nanosecond pulse technique: to transient processes in distributed

systems, generation and impulse shaping, to their conversion,

amplification and recording.

Bases of theory, methods and principles of nanosecond pulse

technique are examined, physical processes are illuminated,

calculations of specific diagrams and elements are presented,

technical characteristics of devices/equipment are given.

Book is intended for engineers, who work in region of radio

electronics and who carry out development, by design and by

application of pulse equipment, instructors and students of VUZ [ -

Institute of Higher Education].

!.
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PREFACE.

Present monograph is attempt at systematic presentation of new

scientific discipline, which arose and which developed in last ten

years - nanosecond pulse technique. In the book the work of the

authors (A 6hapters 1, 2, 3, 5, 6, 9 and 10) are presented, and are

also used other materials, published in the Soviet and foreign press.

Chapters 1, 3, 4, 10, 11 and S 1, 4, 5 Ehapters 8 are written by G. V.

Glebovich, while Ehapters 2, 5, 6, 7, 9 and S 2, 3 Ehapters 8 - by L.

A. Morugin.

Authors express gratitude to professor, to Dr. of Technical

Sciences Ya. S. Itskhoki, to docent, Cand. of tech. sciences N. I.

Ovchinnikov and to docent, Cand. of tech. sciences T. M. Agakhanyan

for the valuable observations, made by them during reading of the

book.
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INTRODUCTION.

Development of pulse technology in recent years follows path of

mastery/adoption of range of pulses of short duration. Not more than

ten years ago the fundamental range of the pulse durations was

microsecond range; at the present time it arose area of technology,

that is occupied by obtaining and using the pulses, into thousands of

times of of shorter, nanosecond pulse technique. This direction

reflects the changes, which occurred recently in the development of

technology as a whole: transition/junction to the increased speeds,

use of the quick-flowing reactions, increase in the accuracy of

measurements. Investigations into the field of nuclear physics,

ferrites, semiconductors, the new works in the technology of shf/SVCh,

etc. required the creation of the equipment, capable of recording the

processes, which last the billionth fractions of a second and even

shorter intervals of time. The methods of nanosecond pulse technique

found use in the radar, the radio gage technology, communication

equipment and some other regions. The resolution of the problem of an

increase in the operating speed of electronic computers depends

substantially on the successes of nanosecond pulse technique. All

these facts defined the position of nanosecond pulse technique as one

of the most promising branches of radio engineering.

Problem of nanosecond pulse technique is generation, conversion
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and recording pulse oscillations/vibrations, i.e., the same problem,

which stands also before pulse technique in usual understanding of

this term, i.e., before microsecond pulse technique. However,

essential difference in the objects of conversion leads to the

fundamental difference in the methods of the solution.

Page 5.

The width of the pulse spectrum of nanosecond duration is into

thousands of times more than the width of the pulse spectrum of

microsecond duration; the spectrum of nanosecond pulses stretches from

the relatively low frequencies to the frequencies, which correspond to

the oscillations/vibrations of shf/SVCh. In accordance with this all

devices/equipment, utilized in the nanosecond pulse technique, must

work in the range, in thousands of times which exceeds the range, in

which work the devices/equipment in the "classical" pulse technique.

Extremely wide pulse spectrum of nanosecond duration does not

make it possible effectively to utilize as linear elements of circuit

diagrams with lumped parameters. This fact led to the

general/universal application in the nanosecond pulse technique of

distributed circuits. It is necessary to keep in mind which during

the use of the distributed systems in the nanosecond range is

necessary to consider the series/row of the specific phenomena, which

they usually disregard in the microsecond range (loss in the

dielectrics, the distortion of pulses on small heterogeneities, etc.).

* )
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As is known, effectiveness of work of tubes in pulsed operations

is determined in essence by its quality. In the last decade the

duration of operating pulses decreased to thousands of times, whereas

the quality of tubes increased only several times. Because of this

the effectiveness of the work of vacuum-tube circuits in the

nanosecond pulse technique proved to be immeasurably lower than in the

microsecond pulse technique. It is obvious that in proportion to

further development of nanosecond pulse technology to the side of the

shortening of the pulse duration the disruption between increase in

the quality of tubes and width of oscillation spectrum will become

more perceived. Deficiency in vacuum-tube circuits noted above leads

to the need for transition/junction to other active elements (for

example, to tunnel diodes, to ferrites, etc.) and to the need for the

review of the methods of formation and converting the pulses, to a

considerable degree transferred into the nanosecond pulse technique

from the pulses technique of-larger duration.

Thus, from point of view of obtaining pulses of short duration

fundamental question in work of vacuum-tube circuits is question about

steepness of edges of pulses generated by them.

Page 6.

The need of increasing the steepness of the pulse edges led to the

development of new oscillator circuits, in particular the diagrams, in

which are utilized the tubes with the secondary emission, the

phenomenon of the recirculation of pulses, etc. However, these

J)
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measures do not make it possible to obtain pulses with the

slope/transconductance of front of more than 100 v/se*. The

considerably greater possibilities in this respect possess the

diagrams of formation with the commutating elements (steepness of

front of approximately 1013 V/see,). The radical solution of obtaining

the periodic steep-sided pulses was the use of shock electromagnetic

waves in the distributed nonlinear systems, with the aid of which it

is possible to form pulses with the steepness of front of

approximately 1014 V/se. The new possibilities of generation and

amplifying the pulses of short duration open/disclose

transition/junction from the vacuum-tube circuits to the solid-state

element circuits, in particular on the tunnel diodes.

Great difficulties appear during recording and in measuring

parameters of nanosecond pulses, especially when their duration less

than nanosecond. At present high-quality transmission and

oscillography of such pulses noticeably lag behind the methods of

their formation. Appearance of the tunnel diodes and other high speed

semiconductor devices, which make it possible to obtain the pulses of

very short duration on the low stress level, raised requirements for

the oscillographs. The requirement of the high sensitivity of

oscillograph with the high time resolution is very difficult to

fulfill. During recording of the repeating pulses this difficulty is

overcome by using the stroboscopic method of oscillography.

In spite of ever larger need for use of nanosecond pulses and
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increasing number of investigations in area of nanosecond pulse

technology, still is perceived deficiency both in development of

series/row of important questions of theory and in conducting of

experimental investigations. Therefore it is advisable to dedicate

present monograph to both the solution of the series/row of the urgent

problems of nanosecond pulse technique and to systematic presentation

of its contemporary state.

'
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CHAPTER ONE.

TRANSIENT PROCESSES IN TRANSMISSION LINES.

Active width of spectrum of video pulses stretches by duration of

order of 10-1-10-10 s to frequencies of order of several gigahertz.

Therefore very wide-band circuits are required for the formation, the

transmission and converting such pulses.

In technology of microsecond pulses operations above pulses

indicated successfully are realized in circuits with lumped parameters

and only sometimes distributed systems are utilized [1, 2).

In nanosecond pulse technique application of circuits with lumped

parameters is very limited [3]. Even with the perfection of the

constructions/designs of circuits with the lumped parameters the

unavoidable presence of stray inductances and capacities/capacitances

does not make it possible to obtain the time constants of circuit

considerably less than 0.1 ns. Therefore formation and conversion of

pulses with the duration are less than one nanosecond, and that more

their transmission with the aid of the circuits with the lumped

parameters they prove to be impossible.

In connection with this in nanosecond pulse technique distributed

systems increasingly more widely are utilized. The miniaturization of
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different parts, electronic and especially semiconductor devices makes

it possible to create the construction/design of devices/equipment for

the generation, amplifications, conversions and recordings of

nanosecond pulses with the coaxial and strip lines. The application

of non-uniforms circuit permits implemention of a transformation of

pulses, amplitude control and correction of their form.

Page 8.

Thus, distributed systems in the form of lines of transmission of

different types compose base of many devices/equipment. For the

evaluation/estimate of the quality of such devices/equipment and their

calculation it is necessary to know frequency properties and transient

responses of lines.

In nanosecond range of pulse durations in examination of

transient processes in transmission lines it is necessary to consider

some properties of lines (loss in dielectrics, small heterogeneities),

which were not essential for microsecond pulse technique and therefore

usually they were not considered.

i.I. COAXIAL LINES AND THEIR TRANSIENT RESPONSES.

Most widely used by line transmission, utilized in nanosecond

pulse technique, is coaxial uniform line. This two-wire circuit

consists of the continuous internal and hollow external of cylindrical

conductors. Space between the conductors in the majority of the cases
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is filled with high-frequency dielectric. If the diameters of

conductors are constant/invariable along the line, then this line is

uniform.

Fundamental type of electromagnetic wave, which is propagated

along line, is wave of type TEM, whose electrical and magnetic fields

are mutually perpendicular and arranged/located at right angle to

direction of propagation of wave.

Besides rigid constructions/designs of coaxial lines

radio-frequency coaxial cables most frequently are utilized.

Frequency properties of cable upon consideration of losses and

conductors and dielectrics.

Primary parameters of coaxial line are effective resistance R,

inductance L, capacity/capacitance of C and shunt conductance G. The

secondary parameters of line are the functions of primary. They

include wave impedance p and propagation constant 7=j3+ja, where p -

decay constant and a - constant of phase displacement.

Page 9.

The primary parameters of line and the propagation constant usually

are determined per unit of the length of line.

In region of high frequencies interesting us secondary parameters
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of line are defined through primary by following expressions [4]:

- wave impedance

=/R+ /.L L.(1.1)

- propagation constant

V (,R + iwL) (G + i-C) = P+iZ 0- + PA + ;i =

C + + - 0(.2)

where ., - respectively attenuation per unit length, caused by

losses only in conductors, and attenuation per unit length, caused by

losses only in dielectric of line;

a - phase constant, defined both by valuesof reactive/jet, and

effective resistance of line taking into account lead loss and

dielectric.

Primary parameters are determined from following formulas:

- effective resistance of line

2a ~ [Ox];w1 (1.3)

- inductance

L=LB+La ( (+ +! In- (1.4)

- dielectric conductance

4
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G=MCtga[ (1.5)

Page 10.

Here L. - internal inductance of cable (total inductance of

conductors, found taking into account surface effect in them);

L,- external (interconductor) inductance of line;

u, and I&A - respectively magnetic permeability of the material of

conductors and material of the dielectric between the conductors;

pa - specific strength of materials of conductors, A.mm2/m;

r. and r, - radii of internal continuous and external is gentle

conductors, m;

tg 6 - dielectric power factor of the material of dielectric.

All enumerated parameters are related to unit of length of line.

Besides parameters indicated is of interest wave propagation

velocity along line
V= t!'1ceKj (1.6)

Key: (1). m/s.

and the transit time of the wave front on the section of line with a

length of one meter, which is otherwise called delay time per unit of

the length

i'I
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tao=,/ . (1.7)

If line uniform and is loaded to the effective resistance, equal to

its wave impedance, then the complex transmission factor of the line

R=lIle"'-e - , (1.8)

where I - length of line.

If we do not consider lead loss and dielectric, then modulus of

transmission factor will be constant value, but phase response will be

determined by expression

?(a) sjL IV- = ut~oI = t..

Page 11.

This line would possess ideal characteristics and it would not

introduce distortions into transmitted by it pulses.

In real cases of transmission of nanosecond pulses, active width

of spectrum of which is very considerable and stretches to frequency

on the order of 10 GHz, it is necessary to consider losses both in

conductors and in dielectric. In connection with this are of

considerable interest the frequency properties of the real coaxial

transmission lines, and first of all of coaxial cable.

As show measurements of losses in coaxial cable with uniform

polyethylene filling, lead loss have prevailing value at relatively

: '4
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low frequencies. Losses in the dielectric become commensurate in the

value with the lead loss at frequencies of 1.5-3 GHz, and at the

higher frequencies losses in the dielectric have prevailing value.

Fig. 1.1 for cable RK-6 gives the graph/diagrams of- the frequency

dependence of attenuation in conductors f and in dielectric PA[5].
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U* - 44

o Ze IN 200 Sao I Z ON 5S Now

Fig. 1.1. Dependence of components of attenuation P. and N. cable

RK-6 on frequency.

Key: (1). dB/m. (2). MHz.

Page 12.

For evaluation/estimate of distortions of pulses of microsecond

duration during their propagation according to cable it suffices it

was sufficient to know frequency properties and transient responses of

cable taking into account losses only in conductors [6]. During the

investigation of transient processes in the cable during the

transmission of nanosecond pulses it is necessary to know frequency

properties and transient responses of cable taking into account lead

loss and dielectric.

Let us examine general expression for propagation factor (1.2).

The omplete inductance of coaxial cable L=L,+L., but, as can be seen

from (1.4), at the high frequencies occurs inequality i,<Lw. Therefore

it is possible to record
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I L.-Vi=zsV(L,+L.)C z -/L-C (j+ 2Law

or, using expression (1.4),

where

I "V- / ( - ) c ] (1.9)

Key: (1). s

Then for decay constant and phase constant according to

expressions (1.2), (1.3) and (1.9) we find

(1.10)
2A)=.,/L-.c ',',/'+ (0.- 03)2 _. [A ]. (.

V 331E ~21 2Y.-.CLJ (.)

Key: (1). NP. (2). rad.

For determining attenuation due to losses in dielectric it is

necessary to know value tg 6. Losses in the dielectric depend on

frequency; however, analytical expression for this dependence is not

known. In the case of polyethylene filling are known the experimental

data for the attenuation in the cable both due to the lead loss and

due to the losses in the dielectric, obtained as a result of special

measurements over a wide range of frequencies. Is known also the

graph/curve, which determines the character of the dependence of the

loss tangent in cable polyethylene on frequency [4].

Page 13.

4
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On the basis of experimental data is located formula, with the

aid of which it is possible to approximate dependence of loss tangent

in polyethylene on frequency. Since losses in the dielectric sense

has to consider only at the high frequencies, beginning from several

hundred megahertz, then the approximation of the graph/diagram of the

frequency dependence of the loss tangent in the frequency region from

hundreds of megahertz to 10 GHz is of greatest interest. In this

frequency region dependence tg 6 on the frequency can be approximated

by formula [5]

g a s V-0(1.12)

1+M1W

where constant a,-1.2.10-8 seclb/radl/2 and m-2-10 1 1 sec/rad.

Conductivity of cable G at high frequencies according to formulas

(1.5) and (1.12) is determined by expression

G 4 .0312C (1.13)1 +roe

Using this formula and expression for the losses in dielectric A. we

find attenuation in the cable due to the dielectric. The results of

calculation satisfactorily coincide with experimental data [5].

On the basis of expressions (1.10), (1.11), (1.13) and (1.2) for

propagation constant we will obtain
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a,3/2

I +W

where +, (1.14)

aJ 
a

2)
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Then transmission factor of coaxial cable according to (1.8) will

take form

-~~={b. + b/± 2  +ii+

2+ .g-.C " (115

Passband of cable can be found, if we use expression for modulus

of transmission factor, which on the basis (1.15) will be recorded as

follows:

-I= e x p [ _=I(b,-" ) ] -'(a,* 'O .0(1.16

Cut-off frequency of passband is equal to frequency with which

transmission factor it decreases on 3 dB relative to its value at low

frequencies. For the evaluation/estimate of the modulus of the

transmission factor of the most frequently utilized in the nanosecond

pulse technique cables it is necessary to know the values of

coefficients b, and a, given infable 1.1. Coefficient b. is

calculated according to formula (1.9) taking into account correction

for the fact that the internal conductor in some cables multiple, and

external conductor is carried out in the form of braid/cover.

Fig. 1.2 gives dependences of cut-off frequency of passband of
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cables on their length. cut-off frequency frp was calculate'd from
formula (1.16) when II0.707.
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Table 1.1.

(j) ( 3iaqexnX KoaI"U~teITomTmn naeAs i - JV'- wTHExadj. b,|fO
r~x' /huJ ] 4[10"e', IdM. pad/tJ

PK-100-7-13 3,25 3,0
PK-754-15 4.35 3,0
PK-75-4-1C 5,3 3.3
PK.3 2,15 3.2
PK-6 2.14 3.0
PK-50-I1-13 2,16 3 I

Key: (1). Type of cable. (2). Values of coefficients. (3).

sec"lt/m. (4). ... secz/2/m-radlz.

Page 15.

From the figure one can see that the frequency grows/rises at a small

length of cable and it becomes almost identical for all cables. With

an increase in the length of cable the frequency is reduced for the

different cables differently. At a small length of cable (1-3 m) its

broad-band character is more than 3 GHz and losses in the dielectric

have prevailing value. The values of these losses for the cables of

different brand are almost identical, since constant a, which

determines attenuation AA, for these cables is almost identical. At

the large length of cable the lead loss have prevailing value. Since

the value of constant b,, entering the expression for attenuation .,

is different for the cables of different brand (Table 1.1), the

difference in the broad-band character of cables at their larger

length is more noticeable.

)

41-
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Fig. 1.2. Dependence of cut-off frequency of passband of cables on

their length: - taking into account losses in dielectric and in

conductors; --- taking into account losses only in conductors.

Key: (1). N1*z4..

Page 16.

Let us note that the curves virtually coincide for the cables of the

type RK-3, RK-6 and RK-50-11-13.

In the same figure dotted line gave cut-off frequerncy of cable

RK-50-11-13, obtained without taking into account losses in

dielectric. As is evident, the disagreement by continuous and dotted

curve is very considerable at a small length of cable, which indicates

the need for the account of dielectric losses at a small length of
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cables.

Transient responses of coaxial cables.

Knowing formula (1.15) for transmission factor, it is possible to

obtain expression for transient response of cable:

A(t,t )=-L " e-'dw, (1.17)

where t--t-VL-,ct-t; t. - delay time of cable by length 1. The

determination of the resultant expression of the transient response of

cable by the Fourier integral method or with operating method is

connected with the great difficulties due to the complexity of

expression for the transmission factor (1.15). Even approximate

solution of problem for the low values of t, and I leads to the very

awkward expressions. Therefore transient response can be either found

with grapho-analytic method from the real frequency characteristic of

coaxial cable or it is calculated on the electronic computer.

Page 17.

Real part of transmission factor on the basis (1.15) has

expression

Re(K)=P(w)=e~ 2 )+M cos(lbVr), (1.18)

where it is taken into consideration, that for real cables in

interesting us frequency region occurs inequality

i)

I
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furthermore, in value of argument of cosine is rejected/thrown term

I.VL--1C, since it determines linear increase of phase shift during

emission of the signal along line, i.e., is of interest only during

evaluation of signal delay.

Grapho-analytically transient response is found in the form of

sum:

k

A(t)=X Ai()

where

Ai (t)=f-P'(a) sin otdw.
0

Function P(M) is represented in the form of finite number of

terms:
P (W) = Pi (a).

Triangles are taken as elementary functions p {).For this

dependence P(M) is approximated by the sum of triangles, and then

transient response is calculated with the aid of the appropriate

formulas and-ables [7].

Grapho-analytically calculated transient responses for set of

'I
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cables at their different length. Then transient responses were

calculated with the aid of computer BESM-2. The results of

calculations, obtained by both methods, gave satisfactory coincidence

[8].

As example Fig. 1.3 gives transient responses of cable

RK-50-11-13 for sections/segments length 1, 5, 10 and 30 m. The same

figure gives the transient responses of this cable, calculated taking

into account losses only in the conductors (dotted curves). Cable

RK-50-11-13 has the transient responses, very close to the

characteristics of cables RK-3 and RK-6 [9].

Page 18.

Fig. 1.4 gives transient responses of cable RK-75-4-15 with

length of 5, 10 and 20 m, obtained in the case of account of lead loss

and dielectric. Due to the lead loss dielectric are

weakened/attenuated the high-frequency components of signal, which

leads to the decrease of the slope/transconductance of the frontal

part of transient response. This slope/transconductance is

proportional to cut-off frequency &P of the passband of line and is

approximately equal to SA=(12+13)f (9].

Transient response of cable (Fig. 1.4) can be divided in two

sections: rapid build-up/growth of function A(t,) and its slow

build-up. Comparing continuous and dotted curves (Fig. 1.3), it is

easy to see that the slope/transconductance of the first section of
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transient response upon consideration of losses only in the conductors

is noticeably more than mutual conductance, obtained taking into

account lead loss and dielectric. The difference in the

slope/transconductance is more noticeable, the less the length of

cable, i.e., when the specific significance of losses in the

dielectric is more.

i)
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Fig. 1.3. Transient responses of cable RK-50-11-13 of length 1, 5, 10

and 30 m: - taking into account losses only in conductors;

taking into account lead loss and dielectric.

Key: (1). ns.

Page 19.

Actually, the less the length 1, the greater the cut-off frequency of

passband (Fig. 1.2), and losses in the dielectric already predominate

at frequencies of more than 3 GHz.

Transient responses of coaxial cable are characterized by fact

that time of establishment of transient processes, determined usually

at level 0.1 and 0.9 from steady-state value, proves to be very great

and does not reflect value of time of establishment t., which

determines distortions of edge of pulse transmitted through cable.

This is explained by the slow build-up of the second section of

)
I

V2f,
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transient response (Fig. 1.4). As is evident, value A(t,)=0.9 proves

to be not characteristic. Therefore the evaluation of the transient

response of cable according to the determination of the time of

establishment accepted is unsuitable.

)
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Fig. 1.4. Transient responses of cable RK-75-4-15 with length of 5,

10 and 20 m, obtained taking into account lead loss and dielectric.

Key: (1). ns.
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For calculating duration of edge of pulse t2 at output of linear

network we will use known relationship/ratio
2 - 2

where 1,, - duration of pulse edge at input,

t - time of establishment of transient response of line.

Knowing t, and to, (they are measured at level 0.1 0.9 from

amplitude value of pulse), it is easy to find value I., which can be

approximately accepted for time of establishment of transient response

of coaxial cable. The calculations of the shape of pulse at the

)

4.

K
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output of cable according to the assigned shape of pulse at the input

and the known transient response, carried out in electronic computer

[10], make it possible to determine t*, and then t,. It proves to be

that the time of the establishment of transient response can be

rated/estimated on the time interval, included between the points of

intersection with tangent to the transient response (at point

A(t,)=0.5) with the axis of abscissas and the line, which corresponds

to A(t,)-l. In Fig. 1.4 tangent is carried out to the transient

response of cable RK-75-4-15 with a length of 10 m.

For analysis of transient processes in cable under influence of

nanosecond pulses it is desirable to have resultant expression for

transient response, and not to resort to grapho-analytic calculations.

In the case of account of losses oniy in conductors of cable in

expression (1.15) one should assume a=O, and then integral (1.17)

easily is calculated, and transient response is expressed by known

dependence [6].

A(t,,1)=1- 0(2(1.19)

where 4) - function of Kramp [transliterated]; b=b,2.

Numerical calculations of transient responses of coaxial cables

taking into account lead loss and dielectric show that for transient

response of coaxial cable with polyethylene filling can be proposed

expression, obtained as a result of changing formula (1.19):
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A (t,,1) 1 [ 4 , p (2 V T(1.20)
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Here p. - attenuation of cable, determined taking into account lead

loss and dielectric at the cut-off frequency of passband Jp, i.e.

according to (1.16)

a (2b. j ,)"" . (1.2 1)

Pp nrpm +P~rp- r= b.I +T+ 2-mI,.,

Cut-off frequency for different cables by length I is determined

on curves f[r=F() (Fig. 1.2). In Fig. 1.4 crosses noted the values of

transient responses, obtained according to approximation formula

(1.20), and unbroken curves correspond to the characteristics,

designed on the basis (1.17) with the aid of the electronic computer.

As is evident, approximate values are close to the calculated.

1.2. Distortions of nanosecond pulses about to transmission on

coaxial cable.

Using approximation for transient response of cable (1.20) and

Duhamel integral, it is possible to find shape of pulse at output of

cable u,(t) from known shape of pulse at input u,(t):

t)
(, u,( A (0) + , (t, - Z) A' Cc) A.
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If to input of cable is given linearly increasing voltage/stress

u1 (t)-kt, then output potential of cable by length i with u,(t)-0,

where t50, will be

U, 'P1C f( + tr2 i'

-rp

2 e 1rpf' j (1.22)

Using method of imposition, on the basis of expression (1.22) it

is possible to find distortions of video pulse of triangular,

trapezoidal form or drop/jump in voltage/stress with final duration of

front.
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Fig. 1.5a shows the form of output potential of cable RK-75-4-15 with

a length of 5 m (unbroken curves), if to its input drops/jumps in the

voltage/stress with the amplitude, equal to one, are given and by the

duration of front with respect 0.01, 0.05 and 0.1 ns (dotted lines).

As is evident, the pulse edge at the output has considerably smaller

slope/transconductance, than at the input. Fig. 1.5b shows a change

in the form of the initial video pulse, described by function u(t)=

sin 2 kt, during its transmission through the segment of cable

RK-50-11-13 with a length of 5 m. The shape of pulse at the output is

designed according to the transient response, obtained taking into

account losses in dielectric (1.20), also, without taking into account
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losses in dielectric (1.19). As is evident, for the pulse duration,

considerably by smaller 1 ns, and the account of losses in the

dielectric is necessary at the small length of cable.
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Fig. 1.5a. Output potential of cable RK-75-4-15 with a length of 5 m

(unbroken curves) during the supplying to its input of a drop/jump in

the voltage/stress with a duration of the front of 0.01 ns (1); 0.05

ns (2) and 0.1 ns (3).

Key: ( 1). ns.

IV

Ml 4

* U* 415 412 LU 495t 4 t t*aQ)

Fig. 1.5b. Output potential of cable RK-50-1-13 
with a length of 5 m

during the supplying to the input of the cable of the pulse of 
form

u(t)- sin kt (1), designed according to the transient 
response of

cable without taking into account losses in dielectric 
(2) and taking

into account losses in dielectric (3).

Key: (1). ns.
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Let us examine distortions of nanosecond radio pulses during

their transmission along cable. Let the input of cable the radio

pulse

u. (1) =F(i)e/

where F(t) - function, which presents pulse envelope, enter;

w. - carrier frequency.

Transient response of cable [see formula (1.20)] let us record in

the form

A 1,,) =-erfc ( M--, )

where
-- Wf"rp"

Assuming that u,(t)=0 with t50, and using Duhamel

integral, for pulse at output of line by length I we will obtain

u, (t 1) F(t, -E) e ' -  (- erfd-
U2

2ou M'I'F_ F(t,_- ) e" - M1t -3/2e- 4t 4. (1.23)

If pulse envelope is rectilinear (for example, pulse edge), i.e.,

F(t)-kt, where k=const, then from preceding/previous expression we

.J.
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will obtain

iU. ei*-'-k  ' -1t E-1 e A-- -

-'i ' 1

- C-~-I 2 c ' d j. (1.24)
0

Integrals in this expression can be calculated by asymptotic

method.
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Using expression (1.24) and superposition principle, it is possible to

find output signal, if at the input of cable operates nanosecond radio

pulse from the enveloping triangular or trapezoidal form.

Calculation of distortions of nanosecond pulses, connected with

their transmission through coaxial cable, and also experimental check

[8, 9) of given above formulas they indicate need for account of

losses both in conductors and in dielectric of cable. The account of

losses in the dielectric is especially necessary during the

transmission of pulses with the duration of less than 1 ns through the

segments of the cable of small length. When pulses are transmitted

through the cable by the length of more than 40-50 m, the account of

losses in the dielectric on is so/such essential.

In the case of application for delay and transmission of

nanosecond pulses of coaxial cables with length of more than 1-2 m it
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is expedient to utilize cables with large diameters of internal and

external conductors as a result of the fact that losses in such

conductors of cable are less. The possibility of the existence in

them of the oscillations/vibrations of the highest types is

eliminated, since due to the total losses the passband of the cables

with a length of 1.5-2 m is limited by frequency 5-10 GHz which lower

than the critical frequencies the dog.

1.3. Coaxial delay lines.

Selection of coaxial cables.

Coaxial cables with polyethylene filling as delay line of

nanosecond pulses to admissibly use only with small delay time. In

the case of pulse delay by the duration of less than 1 ns it is

expedient to utilize the cables with the filling of their teflon,

which have loss in the dielectric somewhat less. Cables with an

air-plastic insulation have even smaller losses, but they are

characterized by discontinuity, which leads to the distortions of the

pulses of short duration.

Table 1.2 gives data of Soviet coaxial cables, which are most

adequate/approach for transmission and delay of nanosecond pulses [4].

Page 25.

First five cable make-ups have as dielectric continuous

polyethylene filling, and latter/last four cables have continuous
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filling from teflon. Dielectric losses in teflon are almost two times

less than in polyethylene (at frequencies from hundreds of megahertz

to 10 GHz); therefore the resulting attenuation in latter/last cables

is less than in five preceding/previous (Table 1.2).

Special delay lines.

For delay of nanosecond pulses are developed miniature coaxial

delay lines, in which is utilized property of superconductivity of

materials at very low frequencies [11]. This delay line with a wave

impedance of 50 ohms has a small cross section of conductors. Center

conductor is fulfilled from niobium with a diameter of 0.25 mm, and

external - from lead with a diameter of 0.86 mm. In this case
A

critical frequency for the oscillations/vibrations of the highest

types is equal to 100 GHz. For purposes of reduction in the losses to

the minimum entire system is at a temperature 4*K, for which the

cable, wound around the drum, is placed into the container with liquid

helium. At this temperature the losses in the dielectric (teflon) of

cable vanish, and conductivity, for example in lead, it increases 101
7

times in comparison with the conductivity at 00C.

Thus, line is very wide-band both with small and at its large

length.
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Table 1.2.

, us'EUKOCM'TaTe Ib eTurn ~eaul I €ODpoTIB- n qa ' laCT Te 10 rF4. SanpSAcev.ie, goT ___aee o___ 06/"-___61_

PK-50-11-13 50 1or 2,4 12
PK-50-7-16 50 102 2,6 9
PK-75-7-16 75 69 2.7 7
PK-75-7-1I 75 75 2.7 6
PK-IO0-7-13 100 57 2,6 i0
PK-50-11-21 50 106 1,7 12

PK-75-7-21 75 71 J,7 12
PK-75-7-22 75 69 19 7

PK-100-7-21 100 57 1,9 10

Key: (1). Type of cable. (2). Wave impedance, ohm. (3).

Capacity/capacitance, pF/m. (4). Attenuation at frequency of 10 GHz,

dB/m. (5). Testing voltage, kV.
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However, during the use of this zero-loss circuit difficulties appear.

If coaxial pairs are carried out not very accurately, then in the

places for heterogeneity (just as in the case of heterogeneity in line

itself) appear the waves reflected. During the transmission of pulses

the appearing echo pulses by the force of the absence of line loss

will be for long propagated from the end/lead of the line at the

beginning and vice versa. As a result the considerable distortions of

main impulses can arise. Therefore the special constructions/designs

of small/miniature coaxial pairs of high quality are necessary for

similar lines. The experimental studies of this superconducting line

showed [11] that during the transmission of pulses with the front with

the duration of 0.4 ns along the line with the length of 30 m the

steepness of their front does not change.

_ j
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Extension (telescopic) lines with air filling can be used if

necessary for small continuously adjustable delay of nanosecond

pulses. In their construction/design must be provided the constancy

of wave impedance, the high accuracy of the fulfillment of transitions

from one section of line to another is required for which and the

proper quality of sliding contacts. Such lines successfully are used

in the very high speed oscillographs for calibrating the duration of

the observed pulses. For obtaining the delay 1-2 ns the length of

line must be equal to 30-60 cm. The measurement of the time interval

is made with an accuracy to 10-1 s'and is limited to the resolution

of the electronic part of the oscillograph. The distortions of the

shape of pulse in the line are small and are affected the quality of

coaxial pairs at its ends/leads.

1.4. Strip transmission lines and their transient responses.

With formation of low-power nanosecond pulses with duration of

order of nanosecond and less, for example, with the aid of tunnel

diodes and other semiconductor devices, are used diagrams, carried out

by means of printed wiring. In this way it is possible to

considerably reduce the parasitic circuit parameters.

Page 27.

In these cases it is convenient for the delay, the transmission of

pulses and as the forming lines to use the strip transmission lines.

In connection with this it is necessary to know the characteristics of
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strip lines as the lines of transmission of nanosecond pulses.

Parameters of strip line.

For transmission of nanosecond pulses strip line (Fig. 1.6),

which is called symmetrical strip line, is of interest. Line consists

of two grounded external metallic bands and metallic strip, situated

between them at a distance of h (from each external band). Space

between them is usually filled with dielectric. Symmetrical strip

line is the shielded system. Exemplary/approximate field distribution

in this system is shown in Fig. 1.6b. Entire electric field is

concentrated in the region of cavity, and since there are no between

the external bands of potential difference, then the plane of central

strip (beyond the limits of strip), actually, is the region, free from

the field.

Strip, as coaxial line, works in mode of fundamental oscillations

of form of "fl * The most important parameters of strip line

include the capacitance per unit length C, wave impedance p and wave

propagation velocity V.

Wave impedance and wave propagation velocity are respectively

determined by formulas

- VIY(1.25)

V-r //C (1.26)

whence we will obtain 1
p(1.27)

)P
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Fig. 1.6. Strip line of transmission (a) and field distribution in it

(b).
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Since wave propagation velocity can be recorded

_ = , rL ! (1.28)

Key: (1). s.

where a, and p, - relative dielectric and magnetic constants of the

material of line, the wave impedance.

P -- 0[o 41. (1.29)

In the case of absolutely conducting strips zero thickness

following precise formula for wave impedance of strip line [12J is

valid:

I3oK ) (1.30)X-- W k) '

where K(k) and K(k') - complete elliptical integrals of the first

i

i
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kind, expressed through

k = sch (D/4h),
k' = th (%D/4h).

In real construction/design of line thickness of strip is final
ea proximate yalue of wave impedance can

and exerts stanta infuence on wave impedance

obtained on the basis (1.29), if capacity/capacitance of line is

calculated from formula for capacity/capacitance of parallel-plate

capacitor

. D12h (1.31),1 + 2h"
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Fig. 1.7. Distribution of capacities/capacitances in strip line.

Page 29.

Use of expression (1.31) is admissible during very approximate

calculations of wave impedance, whose value is less than 25 ohms, and

with high values p capacity/capacitance of fringing field composes

noticeable part of total capacitance (Fig. 1.7). General/common

capacitance per unit length then will be

C=C+C.. (1.32)

Capacity/capacitance of f.ringing field C,=(D-) is determined

by sizes/dimensions of line and by dielectric constant e. A precise

formula, found with the aid of conformal mapping, is given in [12).

In view of the unwieldiness of the expressions, which are obtained for

the wave impedance, to more conveniently use the graph/curve of the

line characteristics, given in Fig. 1.8. Size/dimension change makes

it possible to obtain lines with the very different wave impedance.

Lines with the low wave impedance have wider strip, i.e., the larger

value of D/(2h+d).

4



DOC - 88076702 PAGE

p,E.a, 44G4:41 •
29-4 42o

4k 1 - --

129 7 - Hi

t 2f

fop-- 20

P1-0. , 9,40.32 4

2h .d

Fig, 1.8. Graph/curve for calculating wave impedance of strip line.

i' )
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Lines with very low wave impedance are necessary for some

schematics of nanosecond generators, and in these cases it is possible

to utilize strip lines. During the selection of the geometric

dimensions of line it is necessary to have in mind that the transverse

sizes/dimensions of line must be small for the avoidance of the

possibility of the onset of the waves of the highest types. Thus, the

distance between the external bands must be less X/2, where X -

maximum critical wavelength of highest type oscillations. The width

of strip also must not substantially exceed this value.

Attenuation is important parameter of strip line. Just as in the

coaxial line, here energy losses depend on lead loss, mainly due to

the surface effect, and by losses in the dielectric, which fills line.

Total attenuation is caused by lead loss 16 and losses in dielectric OA:

=P. +A. (1.33)

Attenuation constant in conductors is determined by ratio of

power of losses P. to transmitted power P:

P,

Power of losses is found from expression
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P=-M 5E 'ds,

where =Vi/fp--a. - value, which determines surface strength of

materials of conductors;

a - conductivity of material of strips;

E - electric intensity;

s - no-flow length of way of integration, which is conducted on

boundaries of all conductors.

Page 31.

Rate of flow of energy, which takes place in line, is equal to

PUlP

where U - maximum instantaneous value of voltage/stress in line.

Approximate computation of attenuation in conductors of line when

central strip is sufficiently wide (D/2h 0.35), should be performed

according to expression [12]

= 2- P-. [I + D/h+-L(1 + d/2h) In (1 +4h/d)],
I&Ah 

(1.34)

where PA and - respectively magnetic permeability of dielectric

medium and material of conductors, H/m;

e' - dielectric constant of dielectric medium, F/m;

o - conductivity, II6hpi.m.

Geometric dimensions are expressed in meters.

.) I
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In the case of copper conductors we will obtain

2[55. 10,- P6, 1' [
IAch

Key: (1). dB/m.

here a, and ;, - relative values of the dielectric and magnetic

constant of dielectric medium.

Instead of (1.34) let us record

B. B VW, (1.35)
where

B - p . [i +Dlh+±(I+d2h)X

X In (I + 4h/d) ( eK 2 ish]. (1.36)

Key: (1). secA//m.

Expression for attenuation in the case of very narrow central

strip give we will not be, since this corresponds to case of high wave

impedance, which are not here of interest.
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It is evident from expression (1.34) that attenuation p. in

conductors decreases with increase in distance between strips, and

also with decrease of wave impedance p, whose value in turn decreases

with increase in ratio D/h.



DOC - 88076703 PAGE

Attenuation p due to losses in dielectric, which fills evenly

space between strips, can be calculated, knowing power losses in

dielectric p. and rate of flow of energy, transmitted by line P.

Power losses in the dielectric per unit of the length of the line

-JI E -dS,

where a. - dielectric conductance, which is determined from the

complex dielectric constant;

dS - element of area of dielectric.

Attenuation in dielectric is determined by relation of power:

PA

Since in expressions for p. and P range of integration one and

the same, then for P is obtained expression, which does not depend on

sizes/dimensions of conductors. Attenuation per unit length [12) is

equal

PA 2c -IO ~~i (1.37)

Key: (1). np/m.

where e, - relative dielectric constant;

c - wave propagation velocity in the free space;

tg 6 - loss tangent in the dielectric.
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Attenuation in dielectric can be recorded otherwise:

PA Aletg A (1

Key: (1). np/m.

where

A, =--T =/ 1,66.1I0-' I/, [cua. (1.39)

Key: (1). s/m.

For determining phase constant strip line it is necessary to

consider internal inductance L, of conductors, which appears due to

surface effect.
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The modulus of resistance of this inductance is equal to the value of

the effective resistance of lead loss. Therefore, as in the case of

coaxial line, propagation constant in general form will be

expressed:

T = P. + PA + jet = P- + PA + j =VIL- ,C+ P, +

+ (P-" - FA),
2co /L..C

using expressions (1.35) and (1.38), we will obtain

-- B,v/w-+-Atg8+ j [VL.C + B '+

+ (B, It--'A,c tg 8), ] (1.40)S 2,o C JV .
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where external inductance of line L., is determined according to

(1.25) in terms of known values of wave impedance p and

capacity/capacitance of C [formula (1.32)].

For real constructions/designs of strip lines in interesting us

frequency region (to 10 GHz) are always fulfilled following

inequalities [13]:
(, A - t9 8a)2 < B.V/ ;D

2% Y L,,C

(B, 1 - A1 . tg 8)' V-

Then for transmission factor of uniform strip line, continuously

filled with dielectric, we obtain expression

K={exp I[B /w+ A~wtg 8+i(--+B.1 /;)]}.

(1.41)

Transient responses of strip lines. Distortions of pulses.

Transient response of strip line with continuous dielectric

filling between bands must be obtained taking into account lead loss

and dielectric.
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For the transmission of nanosecond pulses the line must be

residual/remanent wide-band, and therefore the region of the
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frequencies interesting us includes high frequencies to value on the

order of 10 GHz. Just as in coaxial cable, at frequencies on the

order of 1-3 GHz losses in the dielectric prove to be commensurate

with the lead loss, and at the higher frequencies they considerably

exceed them.

Using expression for transmission factor (1.41), we will obtain

following formula for computing transient response of strip line:

A ( -L, I)= - _ ei'td

_ ele'dw (1.42)
~=~ ;aexp I V.- + As* t9 8 + JB,V iji1

where 4 delay time of pulse with passage along line.

However, loss tangent in dielectric tg 5 usually depends on

frequency, which complicates expression (1.42).

Let us examine first transient response of strip line without

taking into account losses in dielectric. This case is of interest

when space between the bands is filled with air.

For considerable reduction in line losses it is expedient to

utilize strip line, whose central strip is arranged/located on thin

sheet of dielectric, fastened/strengthened along edges between

external bands with the aid of rigid supports (Fig. 1.9). Here

central strip consists of the metallic coatings, plotted/applied from
both sides of dielectric sheet.
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Fig. 1.9. Strip line with central strip on dielectric sheet.
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If both central strips are connected in parallel at input and output

of line, then electric field will exist only in the air gaps between

each central strip and corresponding external grounded band. In this

case only the small part of the dielectric sheet will be in the

fringing field of central strip. In the case of applying the low-loss

dielectric (polystyrene, Teflon glass, etc.) of loss in it due to the

edge effect they will be small and the resulting line losses will be

in essence determined by lead loss.

In this case for transmission factor of line instead of (1.41) we

will obtain approximation

-,(, t-+4 1'X)
K=e v (1.43)

where =B1 -2.

Let us record transmission factor in operational form:

k( Dv=)
k (p) ==e - W+BV_

Transient response of line in this case is found from following

)
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converted through Laplace function:

1pk(p)-p

original of which is expression

f 8 \,(1.44)A (t , 1)z= I - 0 I(.4

where O( B!-)-- function of Kramp [transliterated]; t, t----

Fig. 1.10 gives transient responses of strip lines length of 1 m,

made from copper strips with thickness of central strip 0.1 mm.

Unbroken curves represent the transient responses of lines with a wave

impedance of 50 ohms with the values of the transverse size/dimension

of h=l; 2.5 and 5 mm. The transient responses of lines with a wave

impedance of 75 ohms with the same values of h are represented by

dotted curves.
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As can be seen from this figure, slope/transconductance of

initial section of transient response of strip line depends

substantially on distance between central and external strips h. With

an increase in this distance mutual conductance grows/rises, since

lead loss decrease and the broad-band character of line increases.

Line with a wave impedance of 75 ohms has high losses, and the

slope/transconductance of its transient response is less than in line

with a wave impedance of 50 ohms.
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Fig. 1.11 gives transient responses of strip lines with wave

impedance of 50 ohms with length of 10 m with values of h-i; 2.5 and 5

mm. In the same figure of dotted curve is represented the transient

response of cable RK-50-11-13, which has the wave Impedance of 50

ohms. The diameter of the external conductor (braid/cover) of this

cable is equal to 11 mm. As is evident, the slope/transconductance of

the transient response of cable is considerably less than the

slope/transconductance of the transient response of strip line

approximately with the same transverse size/dimension (curve for h=5

mm Fig. 1.11).
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42

Fig. 1.10. Transient responses of strip line with length of 1 m with

wave impedance: 50 ohms, 75 ohms.
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It is necessary to note that-the transient response of cable is

constructed taking into account lead loss and dielectric.

With increase in distance between central and external strip h

for retaining/maintaining constancy of assigned wave impedance it is

necessary to increase width of central strip D. This fact leads to

the need for increasing the width of external strips D.., which must be

equal to D "D +4h.

Thus, if we consider losses only in conductors of strip line,

then its transient response will have considerable
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slope/transconductance. At the length of line 1 m and is less it is

possible to transmit by it without the distortion pulses with duration

about 0.1 ns.

If would be required even wider-band line for transmission of

low-power pulses, then for this it is possible to utilize strip line

with strips in the form of thin metallic films. Thus, in the line,

whose construction/design is given to Fig. 1.9, central strip and

external bands it is possible to fulfill in the form of the finest

metallic films, whose thickness is equal to the depth uf penetration

of electromagnetic waves into the metal at the greatest frequency of

the region of the frequency spectrum interesting us.
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Fig. 1.11. Transient responses of strip lines with length of 10 m

with wave impedance of 50 ohms and transverse sizes/dimensions h-i;

2.5 and 5 mm (solid lines) and cable RK-50-ll-13 (dotted line) the

same length.

Key: (1). ns.
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Then in this band of frequencies of the loss in the metal will not

depend on frequency, i.e., ,=const.

Attenuation of wave amplitude during its penetration into metal

up to distance of d will be determined by exponential function e- ',

where

0v.

With attenuation of wave amplitude on 3 dB wave will cover a

distance
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d. ,35 180

where f,.ac - maximum frequency of interesting us spectrum;

a - conductivity;

- relative magnetic permeability.

For copper conductors at maximum frequency of spectrum f..c=10

GHz depth of penetration is approximately equal to 0.25 M. This strip

line would have ideal frequency and phase responses in the frequency

region indicated and would be the wide-band attenuator, which weakens

equally all components of pulse spectrum.

However, in the case of transmission of comparatively powerful

nanosecond pulses constructions/designs examined can prove to be

unacceptable. Furthermore, line with the rigidly fixed dielectric

sheet in the center at its comparatively large length will be

inconvenient. Therefore strip line with the continuous filling with

elastic dielectric is more convenient and more universal

construction/design. This line, as coaxial cable, can be if necessary

convoluted into the bay and designed for the transmission of the

pulses of a comparatively large power.

For computing transient response of this line it is necessary to

turn to expression (1.42).

Page 39.

If line has continuous polyethylene filling, then according to (1.12)
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we have

g a, I/ 0

and then instead of (1.42) we will obtain the expression

A t ) - 5ei"t do

A.w 312

1+ mG)
(1.45)

where A,=Ala,==3.10-1 sec 4 2/radq2.m.

Since direct computation of transient response according to

formula (1.45) causes considerable difficulties, then computation, as

in the case of coaxial cable, they are conducted by grapho-analytic

method (see S 1.1)..

Fig. 1.12 gives graphs/curves of transient responses of strip

line from copper strips with thickness of central strip 0.1 mm with

continuous polyethylene filling. Line has a wave impedance of 50 ohms

and sizes/dimensions of D=3.5 mm, h=2.5 mm. Calculations are carried

out for the line by length 1; 5 and 10 m.
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Fig. 1.12. Transient responses of strip lines with dielectric filling

from polyethylene.

Key: (1). ns.
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If we compare these transient responses with the transient responses

of line (with the same sizes/dimensions of d, D, h and 1), given in

Fig. 1.11 (curve for h=2.5 mmn), then it is easy to note the large

difference in the slope/transconductance of transient responses. The

presence of dielectric filling leads to a considerable increase of the

total line losses, which decreases its broad-band character.

Just as in the case of coaxial cable, it is possible to construct

graph/diagram of dependence of bandwidth of strip lines on its length

for different values of transverse size/dimension of h. Using

expression for the transmission factor (1.41), we find its

modulus/module K and expression for dependence of phase shift on

frequency Av(w):

AfZ,)
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[ex + 312 (1.46)

AP()= 1B 1 /. (1.47)

Fig. 1.13 gives dependences of bandwidth of strip lines with wave

impedance of 50 ohms on their lengths 1, calculated according to

formula (1.46). The cut-off frequency of passband corresponds to the

frequency, at which the modulus of transmission factor decreases on 3

dB relative to values at the low frequencies. Its broad-band

character grows/rises at a small length of line and the specific

significance of the losses in the dielectric, whose value does not

depend on the transverse size/dimension of line h, becomes more, but

it grows/rises with an increase in the frequency. Therefore with the

low values I curves are arranged/located more clgsely than at the

large length of line.

Calculation of transient responses on the basis of expression

(1.45) is connected with cumbersome calculations, and, furthermore,

absence of their resultant analytical expression does not make it

possible to record shape of pulse at output of line with assigned

expression for input pulse. Therefore, as in the examination of the

characteristics of coaxial cable, it is expedient to introduce the

approximate analytical expression of the transient response of strip

line, which considers losses both in the conductors, and in the

dielectric.

Page 41.
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Similar to formula (1.22) for the transient response of strip line it

is possible to record the following expression:

A (tj,,1)= I-4)( A p (1.48)

Here coefficient B., is located through the resulting line loss at the

cut-off frequency of passband fp at the assigned length of line and

transverse size/dimension h:

Brp Birpi/2-rP /2 '  (1.49)

Attenuation p,,, is determined by sum of attenuations purp and

f,,1,, which are located at frequency hr according to expressions (1.34)

and (1.38).

)
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Fig. 1.13. Dependences of cut-off frequency of passband of strip

lines with wave impedance of 50 ohms on length of line with its

different transverse sizes/dimensions.

Key: (1) . z.
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In Fig. 1.12 small circles noted values of transient response of

strip line with length of 5 m, calculated by approximation formula

(1.48). As is evident, this transient response differs little

(especially in its initial part) from the transient response, obtained

by grapho-analytic method on the basis of expression (1.45). It

follows from the verifying calculations that at the length of line

2-10 m It is possible to use formula (1.48).

If analytical expression of transient response of line with
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continuous dielectric filling is known, then it is possible to

rate/estimate distortion of shape of nanosecond pulses during their

transmission along this line. Using the method of imposition, on the

basis of expression (1.48) it is easy to find the distortion of square

pulse by duration t.. Expression for the pulse, which passed distance I

along the line, in this case can be represented in the form

UB.A(t.,, .) = A (t,, 1)- A(, + tin,l1). (1.50)

If pulse edge has final duration and increases according to

linear law, then distortion of front can be determined on form of

output voltage/stress, obtained with the aid of Duhamel integral and

formula (1.48) with input voltage, assigned in the form ,.,(t)=kt, where

k=const.

Output voltage/stress is determined by expression

t
(t,1) =- ul (1) A (0) + [tn t- )A' (- ) dt

__ (Bpl) {i - 2~ )[

B
2 Is

2 }. (.)-- , n-j - -•(~ t

Thus, with the aid of formulas (1.48), (1.51) and method of

imposition it is possible to determine distortions of shape of pulse,

transmitted by strip line.

Page 43.

SD
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1.5. EFFECT OF HETEROGENEITIES ON THE CHARACTERISTICS OF LINE.

Examining characteristics of lines, we assumed lines uniform and

those ideally coordinated with resistor/resistance of generator at

input of line and with load at output. However, during the

transmission of the nanosecond pulses (especially with the duration of

the order of nanosecond and less) are manifested the relatively small

heterogeneities of the transmitting circuit. In the circuit of

transmission, besides strictly line, are usually included also input

and output couplings, different terminations and matching transitions.

Real uniform line has some heterogeneities, which can be

named/called internal heterogeneities. Thus, in the case of coaxial

cable its wave impedance in the individual sections somewhat changes

in view of insignificant changes in the transverse sizes/dimensions of

conductors. In the cable changes in the form of conductors or

heterogeneity of dielectric filling can be observed. Just as in the

technology of shf/SVCh, in the nanosecond technology it is necessary

to consider the possibility of the onset in the two-wire circuit of

the waves of the highest types, whose appearance is connected with the

presence in it of heterogenei-ties.

As is known, for oscillations of highest types lines of force of

electrical and magnetic fields are not perpendicular to direction of

propagation of waves, but phase speed depends on frequency. For each
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type of oscillations there is a specific critical frequency. The

transmission of vibrational energy of highest type with the frequency

below critical proves to be impossible, since fields rapidly

attenuate. The waves of the highest types can exist in the line

during the transmission of such high frequencies, when wavelength the

line commensurate with the transverse sizes/dimensions becomes.

Page 44.

Thus, for coaxial cable critical frequency for the waves of the typelT

those is determined by formula [4]:

f 2c
T:(D + d)

but for the waves of the type TM
* C

where c=3.105 m/s - speed of light;

D and d - diameters of external and internal conductors;

Er - relative dielectric constant of dielectric.

If in line is certain heterogeneity, for example stepped

variation in sizes/dimensions of conductors (Fig. 1.14a), then in area

of heterogeneity distortion of field occurs and oscillations of

highest types are possible. This phenomenon is most noticeable at the

high frequencies. The part of the energy of high-frequency pulse

component is expended on the oscillations of the highest types. As a

result the shape of the pulse, transmitted by the line with the

)
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heterogeneity, will be distorted. The greater the sections of

heterogeneity, the greater the distortion of pulse. If it is

necessary to pass from the sections of coaxial line with some

transverse sizes/dimensions to the sections with other

sizes/dimensions, after preserving in this case the constancy of wave

impedance, then this transition is fulfilled by smooth, and the length

of transition must be several times of more than the diameter of

external conductor.

If in line is heterogeneity in the form of stepped variation in

transverse sizes/dimensions, for example, in strip line or line,

formed by parallel plates (Fig. 1.14b), then its action on shape of

transmitted pulse can be represented by action of certain shunt

capacitance C. (Fig. 1.14c), switched on in that place, where

heterogeneity of line is located. The value of this

capacity/capacitance depends from the relation of the transverse

sizes/dimensions of line to heterogeneity h. and in the place for

heterogeneity h., i.e., C,=f(L)14.15]. Dependence C,=[ 2 is givenin Fig t1.15.
in Fig. 1.15.
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Fig. 1.14. Transmission line with stepped heterogeneity (a, b) and

with equivalent capacity/capacitance (c).
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If line is filled with uniform dielectric, then the value of

capacity/capacitance must be multiplied by the value of the relative

dielectric constant of dielectric.

In the case of coaxial line value of equivalent

capacity/capacitance can be determined by expression [14, 15]

C..,,7=2%rCa.- (1.52)

Here capacity/capacitance c,(0 is the function of the ratio of a

difference in the radii of conductors to heterogeneity h, to a

difference in the radii of conductors in the place for heterogeneity

h, and is determined on the curve, given in Fig. 1.15. The value of

radius r depends on the form of stepped heterogeneity.

If stepped heterogeneity appears only due to change in diameter

of external conductor, then r=r,, where r, - radius of internal
conductor of line.
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hIPS

Fig. 1.15. Dependence of equivalent capacity/capacitance on

transverse sizes/dimensions of line.

Key: (i). pF/cm.
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If heterogeneity is formed only due to a change in the diameter of

internal conductor, then r=r,, r, - radius of external conductor.

With a simultaneous change in diameters of both conductors the

capacity/capacitance is calculated from the formula

C0.2,,.2r,2C ,,4 _2,r"C. h , (1.52a)

where value r',, r" ., hl, h2, h3 are shown in Fig. 1.16.

Knowing equivalent capacity/capacitance Co (or C,,) and effective

resistance R of line in place for heterogeneity, it is possible to
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approximately rate/estimate distortion of transmitted pulse due to

heterogeneity. In this case is examined the distortion due to the

equivalent RC-circuit. Effective resistance in the place for

heterogeneity R is the resistor/resistance of the parallel-connected

resistors/resistances p, and p,, where , - output resistance of the

section of line to the heterogeneity, p2 - input resistance of the

section of line after the heterogeneity. Thus, the time constant of

the circuit

= ' P Co

P1 + P2

This simplified evaluation of effect of heterogeneity on shape of

pulse occurs in the range of high frequencies, when wavelength still

is somewhat more than greatest transverse size/dimension of line, and

also, if distance between heterogeneities is not too small, i.e., in

the absence of mutual interaction between heterogeneities [16].

Sometimes heterogeneities in lines (random or specially formed)

present for waves propagated in cable effective resistance.
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Fig. 1.16. Line with stepped heterogeneity.
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In these cases in the area of heterogeneity although occurs the wave

reflection, reflection coefficient does not depend on frequency and

therefore the shape of the transmitted pulse is not distorted, but is

observed only a change in its amplitude.

Besides internal heterogeneities of line usually are

heterogeneities at input and output of line. In the real

constructions/designs of couplings, for example for coaxial cables,

already at frequencies of 1-3 GHz the standing-wave ratio in the

voltage/stress noticeably differs from one. If the heterogeneity

introduced at the ends/leads of the line has reactive/jet or complex

character, then the coefficient of reflection of waves depends on

frequency, which leads to the distortion of the shape of the pulse

transmitted by the circuit.

Important value for undistorted transmission of pulses has

quality of agreement of line with resistance/resistor of load and

generator. During the transmission of the pulses of nanosecond

..• . .... .
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duration the effect even of the low parasitic reactance, which occur

in the simplest constructions/designs of resistive loads, is

noticeable. The most successful simple construction/design is washer

effective resistance. In this case washer load must be assembled at

the end/lead of the coaxial line strictly perpendicular to its axis.

In the nanosecond technology, just as in the technology of shf/SVCh,

find use conical type load resistors/resistances with the special

coating.

During evaluation/estimate qualities of line, intended for

transmission of long pulses and following with high frequency, usually

are turned to frequency characteristics of steady state. During the

evaluation/estimate of the distortions of nanosecond pulses, produced

according to the frequency characteristic line with the

heterogeneities, which is found in steady state, it is possible to

obtain inaccurate results. It is here necessary to consider that the

duration of nanosecond pulse can be much less than the transit time of

pulse along the line and much less than the spacing between pulses.

Actually, in the case, when pulse duration is less than time of

its transmission along line, pulse is propagated in the absence of

waves, which appear with multiple reflection from end/lead of line or

from internal heterogeneities.

Page 48.

The transmission lines, which have heterogeneities at the ends/leads
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and internal heterogeneities, are characterized by the specific

phenomena, called "counterflow" and "wake current". These phenomena

consist in the fact that after pulse advancing in the line (from its

end/lead at the beginning and in the opposite direction) the parasitic

oscillations, which are the sum of the pulses, repeatedly reflected

from the heterogeneities, are propagated. Parasitic pulse streams

manage to attenuate with the large porosity of main impulses, without

causing the distortions of the transmitted pulses.

In connection with this quality of line of transmission of

nanosecond pulses, which contain heterogeneities, is expedient to

evaluate according to pulse transient responses, obtained

experimentally on oscillographic installations with the aid of
a

sounding pulse of very short duration (Ehapter 11). This installation

makes it possible to observe and to measure the pulses echo from the

heterogeneities, that gives the possibility to determine also

character and the value of heterogeneity and, consequently, also the

reflection coefficient. Thus are located the fundamental

characteristics of line, according to which it is possible to

correctly rate/estimate the distortions of nanosecond pulses.

1.6. THE HELIXES OF TRANSMISSION.

Coaxial and strip transmission lines are sufficiently wide-band

systems, since constraint of their passband is associated only with

lead loss and dielectrics. However, these lines under the condition
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of the absence of the oscillations of the highest types have low wave

impedance. Furthermore, delay per unit of length in them is small.

Therefore, if the high line characteristic of transmission is required

and considerable pulse delay, it is expedient in a number of cases to

utilize helixes of transmission.

Most widely used construction/design of helix is spiral conductor

that placed within cylindrical screen/shield. Fig. 1.17 shows the

cable of delay with the spiral internal conductor.

Page 49.

The distinctive special feature of helix is its considerable linear

inductance, which reaches sometimes several millihenry to the meter,

which exceeds the inductance of usual coaxial cable into thousands of

times.

Presence of spiral causes appearance of longitudinal magnetic

field, directed along axis of line; therefore sharply grows/rises

overall magnetic fie'd and respectively increases inductance per unit

of length. In view of this the helix possesses high wave impedance

and large linear delay. Furthermore, changing along the line spiral

pitch, it is easy to obtain non-uniform circuit of transmission, which

is conveniently utilized for impedance matching at output and input of

line, for the t~ansformation of the voltage/stress of pulses.

From theoretical studies of helixes are known expressions for
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determining of inductance, capacity/capacitance of line, and also

specific phase distortions of line [4, 17-20].

Fundamental parameters and characteristics of helix.

For evaluation/estimate of properties of helixes as transmission

systems and delay of nanosecond pulses let us examine their

fundamental parameters and characteristics.

Internal spiral conductor can be circular or flat/plane

(strip/tape). High-frequency dielectric usually is placed between the

spiral and the cylindrical screen/shield. Fig. 1.18 depicts the turn

of flat/plane spiral in the expanded/scanned form.
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Fig. 1.17. Fig. 1.18.

Fig. 1.17. Cable of delay with internal conductor in the form of

spiral: a) central rod; b) internal conductor; c) dielectric; d)

external conductor (braid/cover); e) external insulation.

Fig. 1.18. Turn of flat/plane spiral.
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Total current of internal wiring I can be decomposed on two

components: I,-- axial, directed in parallel to the axis of line, and

I,- tangential, directed in parallel to tangent toward the

circle/circumference of cross section of internal wiring. Component

1, creates transverse magnetic field H,, while component i creates

longitudinal field H,. Due to longitudinal field H, is reached the

necessary effect of loading of cable; however; simultaneously occurs

an increase in the effective resistance of cable due to the eddy

current losses, created in the conductors of cable by field H,. This

increase in the losses, as is known, leads to reduction in the

slope/transconductance of the transient response of line and it is a

deficiency in the line of transmission of nanosecond pulses.

)D
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Total value of linear effective resistance of R, inductance L, of

capacity/capacitance of C and conductivities G of helix are determined

according to approximations [41:

W2(9 - 1 ) +0,93d D 1 N
RL= 8,35 10- d (D.'d)' j ctg I .5

(4) (1.53)
10- (D d),'- ctg2 J (1.54)

G~ k1 - 1 -. ,, (1.55)

Key: (1). ohm. (2). H. (3). F/M. (4). 0.m.

where D and d - diameters of external and internal conductors, cm;

- angle of ascent of spiral, deg.

Wave impedance of helix is determined by expression

-JF7 6 if(D'd)2 - I D
T- 60 2 (D d)- I ctg ' ., [o.m], (1.57)

and delay time per unit of length is equal

2 (Dd) InDd ctg . (1.58)

Attenuation of line, as usual, is determined by expression

Page -51.
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Attenuation of cable due to lead loss strongly grows/rises with

decrease of helix angle 0. At the preset angle v attenuation length

, has a minimum with specific relationship D/d. If it is necessary

to obtain line with the maximum value of delay t.,. then minimum

attenuation i,, will occur when -=.=I,8, while if it is necessary to
d

obtain line with the maximum wave impedance, then minimum attenuation

will begin when a 27.
d I

In the case of applying as internal conductor round conductor

attenuation p,, will prove to be more than in the case of replacing

conductor by flat wire, approximately to 15-25%.

Distortions of pulses during the transmission along the helix.

In helix besides ohmic losses phase distortions, which

substantially determine resulting broad-band character of line, have

most important value. Phase distortions appear at the high

frequencies as a result of change in the inductance with the frequency

and effect of distributed capacitance between adjacent turns.

Above were given relationships/ratios, obtained on the assumption

that current strength along axis of spiral remains

constant/invariable. However, if frequency 4s so/such high, that the

wavelength in the spiral in the axial direction is commensurate with

the diameter of spiral, then the value of inductance noticeably

decreases. At such current frequencies in different turns of spiral

3
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differ in the phase, total magnetic flux decreases in consequence of

which. The mutual inductance of two turns with an increase in the

frequency can even change sign. The dependence of inductance on the

frequency can be expressed by formula [18]

L =2,(d K(!d ,(1.59)

where L,,-- inductance at the low frequencies;

J,(x) and K,(x) - modified functions of Bessel of the first and

second orders;

d - diameter of spiral;

X - wavelength in the spiral along its axis.
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Under condition d/X<l it is possible to write [19]

L (%I- 5 (1.60)

Delay time of line t, will also decrease with increase in

frequency. Fig. 1.19 for the helix of delay gives the dependence of

delay time on the frequency in the form of relation t3/t3,,, where t3,, -

delay time at the low frequencies. Along the axis of abscissas is

plotted product tdf/I,, where 1. - distance between the turns of the

spiral (scale it is obtained in the relative units).

With pulse advancing along helix of delay their form at output of

line is determined to larger degree by presence of phase distortions,

than amplitude (caused by dependence of attenuation on frequency).

Phase distortions are the factor, which limits the transmission of

narrow pulses along the line, and can serve as criterion in the

evaluation/estimate of the quality of the helix of delay.

It is possible to consider that those high-frequency components

are boundary, which cause phase divergence (at given length of line)

of 1/2 rad larger than phase divergence, which is obtained from

condition of linear phase response [20].

)
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Let us assume that delay time per unit of length t,, at high

frequency w differs from delay time t.,, at low frequency. Phase error

at the frequency w at the output of line by length I must not exceed

1/2 it is glad in such a case, when this frequency does not exceed the

permissible cut-off frequency. Then, disregarding losses in the

effective resistance of line, it is possible to record the equality

,4,3,,C 1t(t3o -1811,) = ± /2. (1 .61)
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Fig. 1.19. Dependence of delay time on frequency.
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Let us assume that capacity/capacitance of C does not depend on

frequency, but inductance L in a specific manner depends on frequency

and, if one considers that t3,=vTZ, then expression (1.61) is reduced

to the form

W~a~cI:o L 1 ) /2. (1.62)

If change in inductance of line is connected with phenomenon

described above, then in formula (1.62) relation LIL. can be replaced

with expression (1.60); then

when ~(Id1 2 )1133when

Hence for frequency , we obtain following expression:

)



DOC -88076704 PAGE

S21 213wmal~c  
d) t1.63)

With the aid of formula (1.63) is determined greatest permissible

signal frequency during its transmission along line with delay t,=t,,i

with given one to ratios of length of spiral to its diameter. During

the transmission of right-angled pulses with a duration of front on

the order 30 ns the distortion of front in the form of rounding in the

upper part in the case of the delay is observed, beginning with 0.6

ms, which corresponds to the length of line of approximately 3 m.

Use of helixes for pulse delay of nanosecond duration requires

improvement in their characteristics. One of the methods of the

correction of phase responses is based on the application of series

capacitor, which shunts spiral. As a result of correction the

effective inductance of line grows/rises with an increase in the

frequency.

Line with corrective capacity/capacitance is arranged as tollows.

Imternal insulating rod is covered/coated with the thin conducting

layer. This layer is cut along the line by several identical bands.

All bands, except one, are grounded.

Page 54.

The ungrounded band is divided into the series/row of plates with the

specific gap. Entire conducting layer is covered/coated with the thin
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layer of insulation, and then spiral is coiled.

Capacity/capacitance is formed between grounded and ungrounded

corrective plates. The value of this shunt capacitance can change via

the appropriate selection of width and length of the corrective

plates, and also the thickness of insulation. The form of the phase

response of delay line can to the known degree be modified in

accordance with this. At the high frequencies the delay time

increases with the increase of shunt capacitance.

With specific values of frequency is observed mutual compensation

for potentials, induced on corrective plate by current, flowing in

different turns.of spiral. This leads to the appearance of maximums

on the frequency characteristic of delay line. The application of the

considerable number of corrective plates is necessary for the

smoothing of the form of frequency characteristic. The smallest

number of plates is determined by expression [2]

N 2taofiaaI;C I

where 1,,iie - maximum frequency, to value of which frequency

characteristic is uniform.

Fig. 1.20 gives characteristics of helix of delay (t,=0.9 ms)

without correction and with correction (48 corrective plates [21].

)p
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Fig. 1.20. Dependence of delay time on frequency for line: I -

without correction; 2 - with correction.

Key: (1). us. (2). MHz.
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In general theory of helix of delay with shunt capacitances

relationships/ratios for determining optimum values of shunt

capacitances and corresponding sizes/dimensions of plates are given.

Let there be between two turns of spiral, which are located at a

distance of x from each other, shunt capacitance C'(x). Let us

introduce the capacity/capacitance of line per unit of length relative

to earth/ground C. and we will further examine dependence

C(x)=C'(x)/C.. The problem of transit time correction is reduced to

the selection of function C(x), which corresponds to the condition of

the constancy of the phase speed into Lynn for different frequencies.

Investigations showed that their arrangement, depicted in Fig.

1.21 [21], is one of advisable distributions of plates of shunt

capacitance along turns of spiral. For this case function C(x) will

be recorded as follows:
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I- - (1.64)

where a - width of the shunting plate;

g - ratio of the total capacitance of spiral relative to the

shunting plates to the capacity/capacitance of spiral relative to the

earth/ground at the length of spiral, equal to its diameter;

C, - capacity/capacitance between one turn of spiral and plate;

In - length of the shunting plate;

lo - spiral pitch.

Controlled parameters of shunting plate are g and I.

aP

)
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Fig. 1.21. Distribution of shunting plates along spiral.
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For the selection of these values it is possible to use plotted

function F(z) (Fig. 1.22), which is Fourier transform function C(x).

For the selected dependence this function takes the form

sin ' "- 1 
1.5

F(z) = g 1 z , (1.65)

where z "k phase delay for the section of line by the length, equal
U

to a radius of spiral;

v - phase speed in the line at frequency f.

Change of parameters g and 1. in expression (1.65) scale plotted

function F(z) along axis of ordinates and axis of abscissas, where

along coordinate axes are plotted values on logarithmic scale [21].

By approaching function F(z) to graph/curve, which corresponds to

ideal phase of corrections (&p,=O), are determined parameters of

shunting plates at this band of frequencies of transmission of line:
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fmaxc- iMdYLe (1.66)

where L,-- inductance of line per unit of length at low frequency;

z..,,c - phase delay at frequency fralic.

With permissible value of phase distortions Ap,=0.05 rad (A,, -

phase distortions of section of line by length, equal to its radius)

optimum will be values g and -Lk with their following values:
a

g= 3,5 - 0,55.

Key: (1). and.

1p
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Fig. 1.22. Plotted function F(z).
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During calculations of line it is necessary to consider

fundamental characteristic of line - product of delay time to

bandwidth of line. The delay time of line by length I at low

frequencies I .Iv'L,,C, and passband is determined by expression

(1.66); consequently, the product of delay time to the bandwidth will

take form Z....ca (1.67)

Using given formulas and graphs/curves, it is possible to

calculate helix of delay for this passband of frequencies when

arrangement of shunting plates corresponds to that given in Fig. 1.21.

Studies of helixes of transmission, utilized as lines of delay

and transformers of nanosecond pulses [22, 23], show that helixes

noticeably distort edge of nanosecond pulse and it is insignificant

its apex/vertex. An increase in the duration of the pulse edge is

caused by high-frequency distortions, and decay in the apex/vertex -
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low-frequency. With an increase in the delay time of line

low-frequency distortions decrease, and high-frequency increase. The

low-frequency distortions of the shape of pulse are explained by the

fact that are transmitted only those components, the wavelength of

which is more than the "electrical" length of line. For the pulse

duration into several nanoseconds and less decay in the pulse apex

proves to be insignificant. Ohmic losses and phase distortions

grow/rise with an increase in the frequency. It follows from the

experiments that the lead loss of line and dielectric are noticeable

for the short duration of the front (order of one nanosecond and

less), while phase distortions they are developed also for the

duration more than 1 ns.

If for retention/maintaining of edge of pulse of stringent

requirements it is not presented, then as line of pulse delay with

duration of front in several nanoseconds can be used standard spiral

radio-frequency cables of delays, whose data are cited in-table 1.3

[4].

Helix of delay usually works in conditions of matched load.
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Sometimes at the output helix must be coordinated with usual coaxial

cable. A precise agreement of the helix of delay at its output

presents definite difficulty. Inductance per unit of length in the

helix with the insufficiently good correction falls in the direction

)
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of the end/lead of the line. If reflections are not admitted, then

the heterogeneities of circuit must be removed throughout its entire

length. For this purpose it is necessary to use special transitions

between the helix and the line ol another type. In the technology of

the electronic devices of shf/SVCh, which use circuits in the form of

helix, the constructions/designs of transitions from the helix to

usual coaxial cable and to the load are developed. These

constructions/designs can be used also in the devices/equipment of

nanosecond technology, which use helixes of delay.

1.7. Transient processes in the waveguides during the transmission of

nanosecond radio pulses.

At present in series/row of regions of radio electronics radio

pulses of nanosecond duration increasingly more are utilized. In

waveguide trunk lines of communications, in the ultra-high-speed

electronic computers, in the radio systems with the large resolution

the nanosecond radio pulses of different duration are used. Radio

pulses are very successfully utilized by a duration of 1-5 ns for the

investigation of the heterogeneities of different waveguide systems.

In connection with this the attention to the study of transient

processes in the waveguides for the evaluation/estimate of the

distortions of nanosecond radio pulses during their propagation along

the waveguides is recently turned.
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Table 1.3.

(AMepKa K~i6tIN
flaPa%[eTPw Ka"eI ________

______I PK,3-IOJ I P1(3-401

B)),1nonoe conponTnrleJie, 35M3-50t) 50--5
(¢3Iryx-111e, n,'M (.ipu ,,a- 0,12. S. 05

cTote) (0 M"14 (1( M )
al~pe~f. 3aaepg(KH, AiKceK/u 0,1 0,5

Key: (1). Parameters of cable. (2). Cable make-up. (3). Wave

impedance, ohm. (4). Attenuation, np/m (at frequency). (5).

MHz. (6). Delay time, s/m.
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Specific character of transient processes in waveguides. Distortions

of right-angled radio pulses.

Rate of establishment of transient processes, or

slope/transconductance of transient response of waveguides as other

lines of transmission of nanosecond pulses, is determined by character

of frequency dependence of propagation constant j. But this means

that the character of transient processes is defined by both the

frequency dependence of attenuation in the waveguide and by its

dispersive characteristic. Even in the ideal waveguide the most

essential possible distortion of radio pulses due to the specific

dispersive properties of waveguide.

Let us examine uniform waveguide, input of which pulse

t,
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ut - F, (t)c °, ( . )

where F,(t) - function, which presents pulse envelope, enters;

w. - carrier frequency.

Pulse, which passed along waveguide distance 1, is expressed by

function u,(1, t).

If transmission factor of waveguide is determined by expression

K = e- '= e-' ~(1.69)

that function u,(1, t) can be found with the aid of Fourier integral:

U. (1, 1) L " S (w)e] (+ t dw, (1.70)
- Go

where S,(w) - spectral function of envelope of launched pulse u1 (t).

In contrast to cases of transmission of video pulses along lii.e

examined above, during transmission of radio pulse with carrier

frequency w. expressions for components of propagation constant 7,

i.e., for A3 and a, it is possible to approximate by finite number of

members of Taylor series.
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These values in the frequency region in question vary monotonically

and insignificantly, and therefore it is possible to be restricted to

the first three terms of the expansion:

+ + +)
+ ,(1.72)
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where p, and a, - values of the decay constant and phase at the

carrier frequency w,; P, a, correspond to coefficients in a linear

change in the values with the frequency, the derivative ax/aw in

particular gives the signal velocity. Coefficients with the quadratic

terms will be:
1 0'P

2 OWa

Derivatives of second and higher order must determine signal

distortions. Sometimes the above-indicated coefficients can be

determined with the approximation of graphs/curves for P3w) and a(w),

constructed according to the experimental data.

Let us first examine transmission of carrying oscillation,

modulated by function F,(t), which is single drop/jump in

voltage/stress l(t). Let us record transmission factor in the form of

the function of the complex frequency p=jco, then

KTp - P P -0(

Let waveguide be ideal (p=O), which has propagation constant,

expressed in the form [24]

where W - critical frequency of waveguide.

L
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For determining signal u,(i, t) at certain point of waveguide

with modulating function in the form of single drop/jump in

voltage/stress instead of expression (1.70) it is possible to use

integral of Carson [24], who in this case is written/recorded in the

form
ex P - - dpo. (I1.73)

.2 (1, 2n) P -i7p- O
Cp

Here the duct/contour of integration c,,, as it is usually accepted, is

passed from o--jno to a+ j, where a is selected from the conditions

of integration on the complex plane; c - wave propagation velocity in

the vacuum.

Without bringing asymptotic method of computing integral (1.73),

presented into [24], let us record immediately expression for basic

part of signal, which proved to be at moment/torque t at a distance i

from beginning of waveguide:

U,(,t t e rfc (ib vt,(1.74)

where

e rfc (x ) -
2

e - d .

X

Here value b is determined by the expression

[.(2 cf. , (1.75)

.b
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For high values of argument it is possible to use approximation

for erfc(x). Thus, if b/V high value and b (value, which determines

the position of the pole'of the integrated function on the complex

plane) lies/rests above real axis, then

U ,, _L eb" (1.76)

and if b lies/rests below real axis, then

e
-
" (1.77)
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It follows with modulating function in the form of single

drop/jump in voltage/stress from expressions (1.74)- 1.77) that at

point of waveguide at a distance i from it it began signal it is

absent to moment of time ,.=+, to arrival of initial slowly

increasing part of function u,(N, t). At the moment of time =-

where v,- - the group velocity, signal reaches half of statiorary

amplitude, and then it approaches its steady-state value, completing

oscillations about this value. The steepness of the front of signal

when t=t, is determined by formula [24]

( -1 U0 1 (1.78)

In particular it is apparent that slope/transconductance S1, is
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inversely proportional to square root of length of waveguide.

Fig. 1.23 shows signal amplitude envelope U,(i, t), constructed

depending on product S~tI, where tjl-tr It is expedient along the axis

of abscissas to plot/deposit product S,,t1, but not value t,, since

graph/curve is universal, suitable for the different waveguides

(having different S,,).
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Fig. 1.23. Pulse envelope at waveguide output.
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Thus, from case of transmission of signal on ideal waveguide

examined it follows that waveform is substantially distorted only due

to dispersive properties of waveguide. The steepness of the front of

signal decreases, and oscillations are observed at the apex/vertex.

For real waveguide propagation constant 7 is expressed by more

complicated dependence and depends on form of waveguide, type of

propagated waves, and also on surface impeda.ice of walls Zn=,R+X,.

which is function of frequency. In this case the transmitted signal

is distorted to a great degree, but general/common waveform u,(1, t)

is close to that shown in Fig. 1.23.

Knowing reaction of waveguide to signal with envelope in the form

of function of single drop/jump in voltage/stress (1.74) and using

superposition principle, it is possible to find reaction of waveguide

)
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to square pulse by duration t,,:

Ulm . V~.1(~ ) --U.(1, t+ t . (1.79)

If we use concept of slope/transconductance S. according to

(1.78), then formula (1.74) becomes standardized/normalized complex

range of Fresnel from S, and 6=t-h.. If at moment/torque t=0 to the

input of waveguide (1=0) is given radio pulse with an enveloping in

the form of ideal rectangular video pulse duration of ti, and to

moment/torque t= IIVr it is observed the front of the radio pulse,

which passed distance I along the waveguide, then the envelope of

output pulse can be determined by function [24]
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Fig. 1.24. oscillogram of envelope of rectangular radio pulse at

waveguide output: a) with s,-. b) when ,_
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Fig. 1.24 depicts values of function u. ,, in dependence on

product S.(I-t,,) for two values of parameter St.. equal to 6 and 0.4.

For longer durations of pulses (higher value S.t.1) they to a certain

extent retain their initial form, but the slope/transconductance of

front and shear/section decreases, and oscillations are observed at

the pulse apex. With" decrease S.t. the pulse noticeably is

dilated/extended in the time, testing/experiencing ever larger

distortions, approaching in the form a pulse of bell-shaped form with

the ghost pulses.

Distortions of the radio pulses of bell-shaped form.

During generation of radio pulses with duration several

nanoseconds their real form is close in form to bell-shaped.

Therefore is of interest the investigation of transmission on the

waveguide of nanosecond radio pulses from the enveloping F,(t)

)
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bell-shaped form. The problem of the determination of the form of

output pulse here is solved simpler than [25]. For the pulse of

bell-shaped form we have

( t)= FTe 
V,()=I7n e 41. (1.80)

Duration of Gaussian pulse t,, will be further determined at level

0.1 of its amplitude value. Substituting (1.71), (1.72) and (1.80)

into formula (1.70), we will obtain initial expression for the form of

the output pulse

u.(1, t)e--r-n e 0e- e) +)1,X
X{exp[ - - -2}-dw. (1.81)

Condition of integrability (1.81) can be recorded as 1,l+l/4n>0.
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It sets limitation on the maximum value of length 1, if p, it is

negative, expression (1.71) must be correctly only in the specific

frequency region, in which must be satisfied the condition

Out of this frequency region components of signal must have very

low values. Then integral (1.81) can be calculated [25]. The real

part of the obtained expression gives the shape of the unknown pulse:
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Re u, (1, t,) U, (1, l,) cos (at, . t + -ft), (1.82)

where t -t-t; here t, - delay time of pulse, determined
Vrp

by the lenqth of vaveguide and by group velocity Urp;

f- P.t + ,i ( 1+ 4.I,21 r -11 - 8_,2 ,t,

U. (1, t) P (I + 4,,)21 + (41M21)' I.
1(0 + 4n :I)' + (4n, 2 )l)'

(1.83)
2,p,1 (1 + 4n3l)

0 1 + 4n 21)2 + (4n2l) (.84)
_ 4 nf tl 5

(I - 4n12/)
2 - (4nil)' (1.85)

" ( - 2o) l - 4'n2% 2 I3

(I + 4n =2/)
2 

+ (41a2)'
-arg + 4ni,21. + j4na,tJ. (1.86)

In the case of absence of dispersion and losses in waveguide

solution of equation for u,(1, t) give undistorted form of launched

pulse:
Reu,(, t,)==Reu,(i).

It follows from solution (1.82) and expressions (1.83)- (1.86)

that pulse u 2 (, t) has bell-shaped form, but are somewhat sealed, and

its maximum is displaced relative to t,=0 (Fig. 1.24b). Furthermore,

occurs the frequency modulation of the carrying oscillation, since the

instantaneous value of frequency according to (1.82)

)
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Although in real waveguide usually occurs simultaneously

attenuation and dispersion, during analysis more conveniently to

nevertheless examine separately cases of presence only of dispersion

(3=0) and oily attenuation (a=0).

In first case with /3=0 expression (1.82) is simplified and takes

form
i2

e" P- I + (4 a, l)" [ na2t 2

Re u,(1, f.) = Cos')..+ I -
e +r . (4nct,1)2 S I -  + (4nat)'

+(- L arctg(4n2,1)}.. (1.87)

Value of duration of pulse t.... and value of frequency modulation

of carrying oscillation is located from this expression. For the

Gaussian pulse its duration at level 0.1 of amplitude is determined by

the expression

t=2 =2--
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Then on the basis of expression (1.87), substituting for n value

n
I +(4nal)'

we obtain expression for duration of pulse, which passed in waveguide

distance 1:

DLI = 2 3[ +(4n,.I)']= t, l +(4n;I). (1.88)

Change in carrier frequency is rated/estimated by expression

"s(t3) _=.2t n'all

For case of normal dispersion a,<0, i.e., group velocity

increases with increase in frequency. Therefore at the point of

reception/procedure the high-frequency components of signal will prove

to be earlier than low-frequency c6nstituting.

Fig. 1.25 gives dependences of pulse duration with carrier

frequency of 10 GHz from length of waveguide I for different duration

of launched pulse t,.
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From the figure one can see that most of all changes the pulse

duration with an initial duration of t,=I ns. This pulse to the

larger degree is subjected to the frequency modulation of the carrying

oscillation, than the pulse of larger duration.

)1
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Distortion of pulse can be reduced due to decrease of value a..

This is achieved, however, by a simultaneous increase in the frequency

wit, which is limited to the permissible frequency for this waveguide.

In the case of account only of losses, in waveguide (a=0)

solution (1.82) takes form

exp 
± (o 2,1 - t'_)

Re u. (1, t) = 4 421

x + t, ) o - - ) 13. ( .89)

Then for duration of pulse, which passed distance I;n waveguide,

we obtain expression

2tit 4n I.J (1.90)

Deviation of carrier frequency will take form

1 - 4t 2L "

Increase in attenuation with increase in frequency, thus, leads

to decrease of carrier frequency and increase in pulse duration.
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Fig. 1.25. Change of duration of radio pulses in dependence on

length of waveguide (carrier frequency of 10 GHz).

Key: (1). ns.

a?
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Distortions of radio pulses by line with the transmission factor,

determined by the function of Gauss.

Expressions given here make it possible to examine question of

distortion of nanosecond pulses of bell-shaped form with passage

concerning line, which has transmission factor, determined by

expression

K )= e" . (1.91)

This case can occur, for example, during transmission of radio

pulse along strip line with very thin metallic strips with continuous

dielectric filling. Only the frequency dependence of attenuation in

the dielectric here has a value. The value of this attenuation is

proportional to the square of frequency, since the loss tangent in

dielectric tg 6 in the small region high frequencies w.±Aw grows/rises

approximately proportional to frequency, i.e., according to expression

(1.38) we will obtain

A,t tg = A,.aarn= A.',

where A2=const.

Then in expression (1.91) coefficient a=Al, where I - length of

line.
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In this case expression for output pulse u,(I, t,) is found from

expression (1.89), where it is necessary to assume/set .-=A,=0, and

12i-a, i.e., we have

C Ix + 4ha

Re u, (1, t,) e-- -Y= + 4n I cos Wt. (1.92)

From (1.92) we find expression for the pulse duration:

Uib =x = t, / l + 4,A 1. (1.93)
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Fig. 1.26 gives dependence of duration of bell-shaped radio pulse

from passband of line (band at level 3 dB) in the case of different

duration of launched pulse t,.

1.8. NON-UNIFORM CIRCUITS OF TRANSMISSION.

During formation and transformation of nanosecond pulses is found

use of line with changing along the length linear parameters. Such

non-uniforms circuit can be used also for the transmission of pulses,

if it is necessary to simultaneously carry out a correction of their

form. For the assigned duration of pulse and degree of a change in

its form the necessary length of non-uniform circuit is determined by

the special features of its transient response and by the time of the

emission of the signal along the line. To different transient

5,)
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responses of such lines correspond different laws of a change in their

wave impedance p,(X). Therefore during the calculation during

calculation and use of non-uniforms circuit of transmission it is

necessary to know their transient responses under different laws of a

change in the wave impedance along the line.
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23

Fig. 126. Change of duration of bell-shaped radio pulse in dependence

on passband of strip line.

Key: (1). ns. (2). GHz.
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Equations of non-uniform circuit. Undistorted transmission of pulses.

For investigation of transient processes in non-uniform circuit

let us examine first equations of heterogeneous zero-loss circuit [26,

27, 28]:
- L" W ±j' (1.94)

WT Of (X) t "  (1.94a)

where u(x, t) and i(x, t) - instantaneous values of voltage/stress and

current,

L(x) and C(x) - linear parameters of line, which are changed with

distance of x, calculated off beginning of line.

Wave impedance p1 (x) and wave propagation velocity v(x) depend on

i)
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coordinate x:

P, Wx) C W

W x = iq (X)C

Let us introduce into equations (1.94) and (1.94a) value p,(x)

and u(x), then we obtain equations for voltage/stress and current

[28J:

,u _-1-[ ! u - I Op, (x)' O. - _ _ . -0, (1.95)
xz + Kv-- OT x (x ) a x W t I (x )1 2

Oj) I I 0 I Op, (x)1 O ! L' = 0. (1.95a)
Ox: \V(x)ox (,(xx )27i-

Let us introduce delay factor of line
z

'I VL (Q C() dc (1.96)
0

and let us designate line characteristic in function 7 through ;po(r).

Then, after using to (1.95) and (1.95a) the Laplace transform, we

obtain equations in the operational form:

d pu (P) (c) d jP)d _ p2 (p) 0, (1.97)
d:' p ( ) d -"

d'i (p) I dp() di(p) _p'p)= (1.97a)
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For convenience we further use recording

P j.p.IUO (P)p~ ~ ~i W)) / p, . Mi
".=IP (0)/p (0) i, 1. (P) = .
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where 0. and I- normalized values u and i.

Then equations are reduced to the form:

d2
/.

p (1.98a)

where
=(.j p p)" --_. (-./ '_ ._ 2  (I, (1.99)

I dp )_- d d N (1.99a)
w'j pdT., d-cI 2p d-) -c 1.9

Here value N is called function of drop/jump [28] and

characterizes rate of change of transformation ratio of wave front

along line.

Equations (1.98) and (1.98a) with arbitrary p (7) and 0 (r) are

not integrated in final form and can be solved by approximation

methods. Only in the case of the exponential law of a change of

parameters L(x) and C(x), when N=const, is located a strict solution

of the equations [21] indicated.

Let us examine first equation (1.98) for case Q=0. Its solution

in this case takes the form

U0=Ale-"+ Ae p'
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where A. and A, - integration constant.

In the case of infinitely long line A,=0. If at the input of

line operates the pulse of the voltage, whose operational image U(p),

and internal resistor/resistance of pulse generator is equal to zero,

then

0=(p) e- p"
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In this case during propagation of pulse along line form of its

initial voltage/stress is retained. From the condition o=0 we have

(dp \'_ d ( dP\ _ ,
pd ;1T 2p d-)

whence we find the law of a change in the wave impedance of this

nondistorting line [28):

p (o) B2, (1.100)

Integration constant B here characterizes rate of change in line

characteristic along its length. The line, whose wave impedance

changes according to formula (1.100), is called hyperbole trace. With

any positive and final B with an increase in :he delay r wave

impedance decreases, and consequently, decreases the voltage/stress of

output pulse.
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Supplying on input of this line single drop/jump in

voltage/stress u,(t)=l(t), it is easy to find its transient response:

B
u=-- 1 1(1-). (1.101)

If we take hyperbole trace of finite length 1,, loaded to

resistor/resistance, equal to input resistance of missing part of line

(It,), then this line also must be nondistorting. For this let us

find current in hyperbole trace of infinite length under the influence

on its input of a single drop/jump in the voltage/stress. According

to (1.94) and (1.94a) for the present instance it is possible to find

p (0) B (t --).

Then line impedance for any value r, (i.e. for any length of line

i ) is determined by expression

p (,) (B + c )p(,) p (1.102)
F (C')+ P ( + (1.102).
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This input resistance can be represented as parallel connection

of active p (r,) and inductive p(B+r,)p(T,) resistors/resistances.

Thus, if line with length 1, is loaded to this

resistor/resistance, then pulse of voltage u,(t) will be transmitted

)
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along line without distortion of its form, but with reduced amplitude.

Analogously it is possible to show [29] that the line of infinite

length with the parabolic law of a change in the wave impedance p (T)

does not distort the form of the current pulse, transmitted along this

line.

Nondistorting non-uniform circuit examined has such properties

when pulse generator, connected at input of line, has internal

resistor/resistance, equal to zero.

Non-uniform circuits with the smoothly changing parameters. The

transient responses of lines.

As noted above, non-uniforms circuit are utilized for formation

and transformation of nanosecond pulses. In connection with this

appears the task of determining the law of a change in the line

characteristic with the given ones the internal resistor/resistance of

generator and the load resistance/resistor, and also the task of

determining the transient response of line. In the general case this

task is complicated, and therefore is proposed the series/row of the

approximation methods of the study of non-uniforms circuit, and also

their synthesis [27, 30].

If parameters of line change copper-feudatory with increase in

its length, then for solving equation (1.98) it can be, in particular,

is used small parameter method. Equation (1.98) in this case is
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written/recorded in the form

d2 U.d-0 -PI gu 113

where when P is a factor - low parameter g.

Let us represent solution of this equation in the form of

series/row from low parameter g:

UN U 00+ p. + UL.,. +
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After substituting this expression in (1.103), we will obtain

system of differential equations:

d U

,. 'pU, -0 [o,
Li

2
9 - P 2U 0,

d,2U
. . . . . . . . . . .

.l,. . } . .. . .

Solution of these equations can be represented in the form

U0.= A.e-," ± Aoe"',
0

Un °-e 2p f T (Y) On,_(yv) e P dy,-

-7- - ? (y) U.,.. (y) e-P,,dy + A. e- P + A..eft,
. . . . . .. . ............ ...... ... .......... .

)
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Here integration constant are determined from boundary

conditions. On the basis of the obtained solution it is possible to

find the transient response of the infinitely long line, when the

internal resistor/resistance of pulse generator is equal to zero.

Here they will be boundary conditions

1. (0) == 1, 0. (0) =0.

After determining integration constant, after conversions and

transition from image of function to its original it is possible to

obtain [28]

U,, 1- I )d(1.104)
0 0
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On the basis of expression for transient response of

heterogeneous infinitely long line (1.104) it is possible to determine

function p (r), with which voltage/stress changes according to

assigned law. Let the delay of line be equal to one (r=l). As a

result of differentiation of expression (1.104) twice on t is obtained

difference equation relative to p(t):

Y(N-T( +t) --'~t (

solution of which takes the form

(t " ( ), (1.105)
n:=0
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where B,, - Bernoulli number.

If it is necessary to obtain non-uniform circuit with desired

transient response, assigned by law of change in voltage/stress U.(i),

then from (1.105) it is necessary to find function o(t), and from it

according to (1.99) - law of change in line characteristic p(T).

Let it be, for example, desirable to have transient response of

line, when voltage/stress u1 (t) changes according to the law

I u, I: + ki,

where k=const. This line is necessary for the correction of the

flat/plane part of the input pulse, which is changed exponentially,

i.e.,. when

u(1)==Ee-I.

It is possible to ascertain that with the aid of Duhamel integral

output potential of this line will be actua.ly constant value:

t
(t)x = U. (0) U Wt + S dtA [u,, (I - E)l u (Z),d.=

0

=Ee- i + !kEe-k d,=:E.

According to (1.105) we determine o=-k, or on the basis (1.99) we

have

)
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Assume as second example it is required to obtain line, which

possesses characteristic u,(t)=l(t), i.e., not distorting transmitted

signals. From (1.105) we determine p(t)=0 and according to (1.99) we

find
B'P (0p ) (B+ )'

i.e. we obtain expression (1.100) for hyperbole trace.

Is of considerable practical interest determination of form of

non-uniform circuit, which works under matching condition at input

with internal resistor/resistance of generator Ri= p(O) and at output

with resistance/resistor of load of Ru==p(Tr). The optimum law of a

change in the wave impedance is determined from the solution of

variational problem relative to the function of drop/jump N, i.e.,

rate of change in the heterogeneity along the line. As is known [28],

the solution of problem proves to be condition N=k,=const.

Hence it follows that line characteristic changes exponentially

p= p(0)e'". (1.106)

After determining values N and P, it is possible then on the
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basis (1.104) to find expression for transient response of infinitely

long exponential line:

1,- - 1 k,+ - - - (1.107)

Transient response of exponential line is given in Fig. 1.27.

)
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4'-

D 44 ~ , .

Fig. 1.27. Transient response of exponential transmission line in

dependence on delay time of line, calculated:" according to

precise formulas;.-- according to approximations.
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Dotted line showed the course of the transient response, expression

for which is obtained as a result of the exact solution of the

equation of exponential line (291.

Exponential line.

Exponential lines find wide application in nanosecond pulse

technique as equalizers and distributed transformers. This line has

an inductance and a capacitance per unit length, which change along

the line according to the law

Lwr ( pLex, Co (X) =oCeh.

where k - positive or negative constant.
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Line characteristic can be recorded in the form

_ ix. ,,hx

Delay time per unit of length of line remains constant/invariable

and is determined by expression

,a0-xVLx x.==/4Ji.C (1.108)

Consequently, expression for wave impedance can be recorded thus:

kv

p = p (0) e' (1.109)

where 7 is determined by expression (1.96).

We will obtain equations of exponential line, if into equations

(1.97) and (1.97a) we substitute value p from (1.109). Then

I dlu k du
7-' id-.'pt -- u --O, (1.110)

I d2i k di -Sd%2 p% d-ti__O. (I.1I10 a)

Solution of equation (1.110) in general form can be recorded as

sum of waves: wave vt), propagated from beginning line (x=0) to its

end/lead, and wave zb( ), which is propagated in opposite direction,

i.e., we have

K, +,



DOC - 88076705 PAGE *I

Page 78.

Expressions for these take form

where u,(O) and Ub(0) - integration constant, and q is determined by

express ion

A// 2 ' k'
t 30 -- 8pt.,

Hence expressions (1.111) and (1.111a) approximately will be

recorded in the form

-k,
&. ) &.(o) e-- e-P" (I - k"'

kg +kl- tc

b()ub(0)e.e- + ) 8 (1.112a)

where by members of higher order relative to i/p how the first, we

here disregard.

It is evident from expression (1.112) that constant ua(o) (i.e.

•u.()with x==O) is amplitude of voltage/stress in the beginning of

line. Factor e-P' indicates the motion of wave along the line with

the delay r. The second member of expression (1.112) determines the

distortion of pulse due to the reduction of his amplitude on the

value, proportional to integral on the time of input pulse '(0).
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If to input of line is given single square pulse by duration t.,

then with its passage along line pulse apex will change according to

linear law on value, determined by term k2t3/8Mo

Exact expression of solution (1.111) shows that change in pulse

apex during its propagation along line differs somewhat from linear

dependence, which follows from Fig. 1.27.
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Transient response of line with the losses.

Losses in non-uniform circuit were not considered in all cases

examined above. However, in the nanosecond range for the

evaluation/estimate of the distortions of pulses (especially their

front and of shear/section) it is desirable to consider losses.

Effect of total losses in non-uniform circuit to its transient

response to consider difficultly. This problem is approximately

solved only for the case of losses only in the conductors of line

[31]. For the determination of transient response in this case it is

necessary to solve the generalized equation of non-uniform circuit

taking into account the impedance, caused by surface effect in the

conductors. This resistor/resistance is represented in the same form,

as in the case of uniform line; however, here its value per unit of

length depends on distance along the line.

-K)
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Transient response of non-uniform circuit with losses differs

from characteristic of zero-loss circuit by fact that frontal part of

characteristic increases according to the law, determined by function

where #(/2VT) - function of Kramp;

I | 1 C (x) d-,

0

where n(x) - coefficient of surface effect in conductors;

C(x) and L(x) - linear capacity/capacitance and inductance;

x, - distance at point of line in question, calculated off its

beginning;

1--t--x ---V -t3; t3  - delay time.

Furthermore, decay in flat/plane part of characteristic occurs on

somewhat different law, than in characteristic of zero-loss circuit.

During the transmission of pulses with duration about 1 ns decay in

its apex/vertex, as in the case of zero-loss circuit, it is

insignificant. However, the distortions of the edge of pulse

(decrease of its slope/transconductance) in non-uniform circuit it is

just as noticeable as in the uniform line of transmission, upon

consideration of losses only into the conductor.
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CHAPTER TWO.

TRANSIENT PROCESSES IN TRANSMISSION LINES WITH THE DISCRETE/DIGITAL

HETEROGENEITIES. TRANSFORMATION OF PULSES.

2.1. SPECIAL FEATURES OF TRANSMISSION OF PULSES IN DISTRIBUTED

SYSTEMS WITH DISCRETE/DIGITAL HETEROGENEITIES.

In first chapter was examined question about transmission of

pulses of nanosecond duration along such distributed systems as

coaxial cables, strip lines, etc. It was shown that unavoidable

losses in the metal and the dielectric it leads to the distortion of

the shape of pulses. However, the source of the distortions of pulses

in the transmission lines can be heterogeneities at the ends/leads of

the line or at any point of it. These heterogeneities are caused by

the insufficiently good agreement of line with the load or with other

lines. Furthermore, in a number of cases of line they are specially

made by heterogeneous, since heterogeneities in them it is in

principle necessary for the normal functioning of system (stepped

transformers, traveling-wave amplifiers, etc.). Heterogeneities in

the transmission line do not always lead to the distortions of the

shape of pulses. In order to explain this fact, let us examine the

condition for the undistorted transmission of pulses.
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It is known from theory of transmission of signals that

undistorted transmission is possible when modulus of complex

transmission factor of system is equal to constant value, and argument

is linear function of frequency:

K(w)=Ko., (2.1)
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In temporary/time aspect condition for undistorted transmission

is formulated as follows: transient response of nondistorting system

must take form of unit function, multiplied by value K, and displaced

to the right to period t,, which represents delay time of oscillation

with passage along system:

• 4U -K I - ,) (2.2)

We will consider it that very transmission lines are ideal, i.e.,

not contributing distortions, and that all distortions of pulses are

caused by presence of discrete/digital heterogeneities. In this case

it is possible to show that for the pulses, the repetition period of

which is much more than their duration (Tt1,,). the conditions for the

undistorted transmission, formulated above, are sufficient, but not

necessary.

Pulse signal is function of limited extent. This means that

conditions (2.1) or (2.2) must be fulfilled only in the limited
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period, equal to the duration of the converted oscillation, and can

not be fulfilled at the later moments of time. Thus, the condition

for the undistorted transmission can be formulated in the form

A (t ) _== K ( ( - -t ) 13 < t 3 -t . (2 .3 )

It is not difficult to see that facilitation of conditions for

undistorted transmission significantly expands class of linear

systems, suitable for converting oscillations without change in their

form. For example, the linear network, which satisfies condition

(2.2), is the uniform long line, loaded to the wave impedance. The

realization of this system meets large difficulties due to the need of

guaranteeing the constancy of the load resistance/resistor in the very

wide frequency band, which stretches to ones and even to tens of

gigahertz.

Account of final and, more precise speaking, for very short pulse

duration makes it possible in many instances to forego agreement of

line with load.
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For the pulse with duration ta even the mismatched line is ideal,

i.e., not distorting, by quadrupole, if only travel time along the

line is not less than half of the pulse duration.

In microsecond range of pulse durations satisfaction of condition

t 1 t (13 - doubled time of landing run of pulse along line) is

)
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hindered/hampered by fact that it requires application of lines of

large length. In the nanosecond range the necessary lengths of lines

are structurally acceptable. (For example, during the use of cable

PK-75-4-15 with the delay 5 ns/m the required length of cable for the

undistorted transmission of pulses by the duration of 1 ns is

approximately 10 cm.) ihe account of the final pulse duration makes it

possible not only to facilitate the task of the agreement of lines,

but also opens/discloses the possibilities of designing of systems

with the discrete/digital heterogeneities, in which precisely the

presence of heterogeneities creates the desired effect of conversion

(transformation, inversion, amplification, etc.) and at the same time

does not lead to the distortions of the shape of pulse.

2.2. CONCEPT ABOUT LOOP CIRCUITS.

Any radio engineering device/equipment can be considered as

certain set, elements of which are its blocks, either assemblies or

parts, or even infinitesimal sections/segments of conductors. The

elements of the construction/design of device/equipment not

necessarily must be elements of set; the voltages/stresses between any

points or currents in the separate branches can be also them. All

elements of the set, which composes radio engineering

device/equipment, are located between themselves in the specific

connections/communications. These connections/communications are

created from the set of the elements of the system of elements.
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As a rule, any two elements of system are connected with

bilateral internal connection. A change in the value of the first

element (as which it can be accepted, for example, input voltage)

produces a change in the value of the second element (for eiample,

output voltage/stress); in turn, a change in the size of the second

element produces a change in the value of the first element, etc.
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Together with the elements, which are found in the two-way

communication, are elements, connected with one-way communication

(this connection/communication it is called also directed). Following

M. S. Neumann [32], we will call the system of elements, which are

found in the two-way communication, ring, and the system of elements,

which are located in one-way communication, by the broken circuit or

simply by circuit.

In present section are examined some properties of rings, whose

knowledge is necessary for understanding of work of distributed

systems with discrete/digital heterogeneities, such, as stepped

transformers, transformers and inverters, formed by cable segments,

traveling-wave amplifiers and other devices/equipment. All

distributed systems with the discrete/digital heterogeneities are

rings. Simple ring forms the uniform line, not matched in the

beginning and at the end/lead. The connection/communication between

the voltages/stresses on its input and output appears due to the

reflection of waves from the beginning and the end/lead of the line.

)
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The lines, which have heterogeneities halfway, such, as stepped

transformer, the traveling-wave amplifier, etc., are the complex

system of the intersected rings, called subsequently in abbreviated

form loop circuit.

In subsequent chapters it will be shown also, that rings are all

devices/equipment with feedback; circular mechanism is inherent in

elements with negative resistance. Therefore the examination of the

general/common properties of loop circuits is of considerable interest

for the nanosecond pulse technique.

Let us pause first at processes, which occur in single ring,

i.e., ring, formed by two elements. In it there are two communication

channels: by the straight line, by which is transmitted the effect of

the first element on the second, and the reverse/inverse, on which

gives self up the effect of the second element on the first. Ring

differs from the broken circuit in terms of the fact that in it is

certain locked internal circuit, formed by the series-connected

channels of straight line and reverse/inverse supply. The

characteristics of the rings, which define its behavior in external

circuit, in which it is included, they depend substantially on the

processes, which occur in its internal circuit, and appear as the

reflection of these processes.

In present section we will assume that channels of straight line

and reverse/inverse supply are characterized by linear integral
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operators AK and AB respectively.
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The integral character of linear operators is caused by the

limitedness of the bandwidth of communications. When the bandwidth of

communications can be considered unlimited, linear transformations no

longer carry integral character.

Second special feature of communication channels consists in the

fact that effect of one element on another is transmitted by them not

instantly, but for a certain period of time called time lag. In the

systems with the distributed constants this time lag is caused by the

final velocity of propagation of oscillations, while in the systems
A

with the concentrated constants, in which there is no true time lag of

oscillations, by the specific distortions of the shape of the

transmitted pulses, which create the effect, which reminds the effect

of time lag.

We will call process of converting oscillation loop circuit by

circular process of conversion. In general form the circular process

of conversion consists of the following. The converted voltage/stress

u, enters the input of system. With the aid of the

connection/communication, which exists between the input of system A

and its output B, the voltage/stress indicated is transmitted from A

to B, undergoing a certain conversion in the channel of direct feed.

Output potential of system B changes; this change is characterized by
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value AKuo, where A, - operator, who presents the process of

conversion, which is realized above the input voltage in the channel

of direct feed. The presence of feedback - from B to A - leads to the

fact thdt the voltage/stress at point A again changes and this change

is characterized by value AKABUO, where AB - operator, who presents

the process of conversion, completed above the oscillation during the

transmission from B to A. input oscillation completed complete cycle

on locked internal circuit of ring.

Process of circular conversion is theoretically process with

infinite number of repetition of operations. After completing one

cycle on internal circuit of ring, input oscillation completes then

the second cycle, the third, the fourth, etc. With respect to this a

change in the voltage/stress at point A is characterized

consecutively/serially by values u; AKAU; A Au .... where the degree

of operator shows the number of repetitions of the operation of

conversion.
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In exactly the same manner voltage/stress at point B equal to the sumA 4 A '.1 so that total
of disturbances/perturbations .1 ,; A 1.u0 sthtoa

variation in the voltage/stress at point B

Al~ A"A7' 0
m o - I

moreover A' is an operator of multiplication by one.
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It is easy to see that u,, is solution of operational equation

ni --A KA ,,= A u . (2.4)

Since AK and AB is linear integral operators, (2.4) - linear

integral equation of Volterra of 2nd order. The solution of equation

is convenient to represent in the form

Uu=A . +'-"U. (2.5)
n=1

First member of expression (2.5) is fundamental oscillation,

i.e., oscillation, devoted from input of ring to his output and

converted in channel of direct feed. For the majority of the systems,

intended for the undistorted conversion of oscillations, precisely,

this term in (2.5) gives the efficiency of conversion. Second term,

which is the sum of the infinite series of components, is caused by

the presence of feedback in the system. This oscillation accompanies

fundamental oscillation and in communication equipment are called

"wake current" [33].

Special feature of distributed systems with discrete/digital

heterogeneities is the fact that they possess true time lag. Because

of this all components of series/row (2.5) prove to be displaced along

the time axis. If the duration of converted oscillation Axuo is

sufficiently short, i.e., it is less than the time by which lag the

components of series/row (2.5), then the action of wake current will

be begun after the passage of fundamental oscillation and system will

)
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prove to be satisfying condition undistorted transmission (2.3). It

must be noted that wake current is not always undesirable phenomenon.
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In the series/row of devices/equipment it is utilized for an increase

in the amplitude of oscillations, for converting of the oscillations

and other targets.

Linear ring can be represented by functional diagram, shown in

Fig. 2.1. This diagram consists of four blocks. Zhblock 1 with the

positive sign of feedback is conducted the addition of input voltage

and recurrent, that enters from the channel of feedback, and their

subtraction occurs with the negative sign of feedback. Block 2 is the

unipolar or directed element with the transmission factor m(m<l).

This element does not introduce distortions into the form of the

transmitted. oscillation and does not change its polarity. The

directed element does not pass oscillations from the output of system

to the input besides the channel of reverse/inverse supply. The

transmission factor of this element is a modulus of the complex

transmission gain on internal circuit-of ring on the medium

frequencies, which does not affect the action of the reactive/jet

network elements. Block 3 is filter. It is assumed that it considers

the action of all reactive/jet circuit parameters, including delay

line, that limit the passband of device/equipment. Ideal delay line

(block 4) possesses delay time t,. Its idealization lies in the fact

that it possesses neither attenuation nor dispersion.
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Systems with distributed parameters can be represented by the

same functional diagram. As noted, the first node of functional

diagram determines the sign of feedback.

- . - - -- . ai m i mmm m
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Fig. 2.1. Functional diagram of single ring: 1 - summator; 2 -

directed element; 3 - filter; 4 - delay line.
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In the system with the distributed parameters, not matched on the

ends/leads and presenting single ring, sign of feedback it is

determined by the sign of the product of reflection coefficients from

the ends/leads of the line at the medium frequencies, which does not

affect the action of the reactances of loads. Feedback will be

positive, if reflection coefficients will have identical signs, and

negative, if the signs of reflection coefficients will be different.

The directed element of functional diagram determines the value of

feedback. In the distributed system without the losses the factor of

feedback is equal to the product of the moduli of complex reflection

coefficients from the ends/leads of the line at the medium

frequencies. The complex transmission factor of filter for the

distributed systems is equal to the product of complex reflection

coefficients from the ends/leads of the line, divided into the factor

of feedback. Delay time in the delay line is equal to doubled time of

landing run of oscillation along the distributed system.



Let us examine transient processes, which occur in single ring

during the supplying to its input of single drop/jump in

voltage/stress. For this we will use ormula (2.5), which let us

rewrite in the form

uB = Ax E Rn - 1U., (2.6)
n=1

where R=AKAn - operator of internal circuit of ring.

Let us assume that u0 is harmonic oscillation, then R will be

complex transmission factor of internal circuit of ring, and AK -

complex coefficient of channel of direct feed. It is easy to see that

,K +p.) e(2.7)

R = pA 1 . (2.8)

where Y, - complex reflection coefficient from the left end/lead of

the line;

p, - from right end of line.

Substituting expression (2.7) and (2.8) in (2.6), we will obtain

U" + S) (p. p.) ,) e-a(a 1)t Uo.
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Let us turn first to case, when reflection coefficients are real.

Then

1)
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u-= K. m -' e- "- U01 (2.9)

where Ko=l+P2 , m=pJp2.

If we assume that u. is spectral function of single drop/jump in

voltage/stress, then UB will be spectral function of transient

response of ring. Using to expression (2.9) inverse transformation of

Fourier, we will obtain the equation of the transient response of the

ring

A(t)=K. Em" 1 I t-(n-/2)t1]. (2.10)

n=1

Example of transient response for case, when m>Q, is given in

Fig. 2.2. it is step function. From the figure one can see that in

section/segment the system, whose transient response is

described by equation (2.10), satisfies the condition for undistorted

transmission (2.3).

i~. ,,mmm
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Fig. 2.2. Transient response of single ring with unlimited passband

of internal circuit.
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Let us note that the equation of the enveloping transient response is

the exponential function

P (n) K0  0~( ' ~lf

With m<1 and n-- the envelope approaches the steady-state value

PV K.M

Fig. 2.3 presents processes, which occur during the supplying to

input of ring of single pulse. Output potential of ring in this case

is the sum of fundamental (first) pulse and series of the decreasing

in the amplitude pulses, which were being formed with the reflection

from the ends/leads of the line. These supplementary pulses are wake

current, which was discussed above.

)
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Let us assume now that passband of internal circuit is limited

and complex transmission factor of internal circuit

R I+ju e-

where 7 - certain equivalent time constant.
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Fig. 2.3. Passage of single pulse through loop circuit. The shaded

pulses are wake current.
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In this case

Using to this expression inversion formula, we will obtain [34]

A(I)=K, m _,rjn-1. x-(n-1/2)x,}, (2.11)En- (2)

n=1

where r(n, x) - incomplete gamma function; x=T; --.

According to equation (2.11) in Fig. 2.4 is constructed transient

response of ring for case of m>O. It differs from the transient

response of ring with the unlimited passband in terms of the fact that

the steps of characteristic are rounded off. System is distorting;

however, the distortions of different sections of curve are different.

I
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In interval of time ['Iat,3/2] transient response is to exponent,

time constant of which is equal to r. If the pulse duration is less

than t,, then the distortions of its front can be evaluated by the

time of establishment t,-.2,2v.
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Fig. 2.4. Transient response of single ring, passband of internal

circuit of which is limited in region of higher frequencies.
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In the large pulse duration the distortion of their form will be more

essential; however, their amplitude due to wake current will increase

in 1/(l-m) times.

In order to rate/estimate distortions of pulses, whose duration

much more t,, let us introduce concept of generalized envelope. The

concept of envelope for the piecewise-smooth function is characterized

by known drbitrariness. We will understand under generalized envelope

such flat approximating function, which in a sense presents well

transient response. In this case the envelope, understood in a

broader sense, must: a) in the process of the transition of

characteristic from the piecewise-smooth function to the stepped

present known envelope of step function and b) in the process of

transition from the piecewise-smooth function into the flat function

represent function itself.

)!
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Approximating function of form

I (2.12)

where equivalent time constant

t.

satisfies these conditions.

When==00--- ,envelope coincides from enveloping step
Inm A #*

function. When t0==O =:l M Athe envelope coincides with function

itself. According to expression (2.12), the time of the establishment

of the pulse of large duration t,=--2,20 is always more than the time of

the establishment of the pulse, whose duration is less than t,. With

the high values of t, these times can be incommensurable.

Very frequently, however, values r and t, have identical order

(for example, in traveling-wave amplifiers). Above has already been

indicated that for the pulses of large duration is observed an

increase of the amplitude of oscillations in 1/(1-m) times due to the

use of wake current. This fact cannot, however, compensate for an

increase in the time of establishment.
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Let us introduce a certain value (equivalent to the area of

amplification), which is the ratio of gain in the amplitude of

oscillation due to the use of wake current to the time of the

establishment:
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2,2(1(-2m.13

For pulses of short duration this value is equal to .Let us
assume in Formula (2.13) t,=0, then value 2,2% will be the time of

I-M

the establishment of pulse in the re-generative amplifier without the

time lag. It is obvious that in this case 6=1/2.2r, i.e., no gain in

the area of amplification it is obtained. With any t,, different from

zero, value A is still less, i.e., the introduction of time lag only

increases the distortions of pulse, evaluated on generalized envelope.

Let us turn now to spectral characteristics of ring. Let us

assume for simplicity that K.=I, and let us drop/omit the time lag of

pulse in transit through the channel of direct feed, i.e., will accept

expression for the complex transmission factor in the form

(w) = V m"'-'e - " -,. (2.14)
n=1

Since m<l, then series/row (2.14) converges and

|3
1m

I - me

Modulus of this expression, i.e., amplitude-frequency

characteristic of ring
K () (2.15)K~) If+ m2 -2m cos

is periodic function of frequency.

)
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Fig. 2.5. Amplitude-frequency characteristics of single ring with

unlimited passband of internal circuit: a) in usual and b) in

logarithmic scales.
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2k
With m>O at frequencies - this characteristic passes through

maximums,

but at frequencies 2k-i - through the minimums

K,,K= I +M"

/i
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Example of amplitude-frequency characteristic of ring, which

possesses unlimited passband of internal circuit, is given in Fig.

2.5. It takes the characteristic comb form.

Phase-frequency characteristic of ring can be found from (2.14)

and is represented in the form

m In wf3m s(w)narctg (2.16)( ) --arct ! _ Cos t0 "

Phase-frequency characteristic of ring for case of m>O is shown

in Fig. 2.6.
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Fig. 2.6. Phase-frequency characteristics of single ring with

unlimited passband of internal circuit.
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Graphs/curves given in Fig. 2.5 and 2.6 do not make it possible

to judge that, are suitable data of system for distorted transmission

of pulses. In rig 2.5 amplitude-frequency characteristics of ring are

given for several values of the factor of feedback m.

With small m amplitude-frequency characteristic is more smoothed.

Decrease m in connection with the ring, formed by the section of long

line, indicates an improvement in the agreement of line with the load.

However, the examination of the transient responses of ring, given

earlier, shows that the conditions for the transmission of the pulses,

whose duration is less than tu, do not change from that, the value of

the factor of feedback more or less is undertaken.
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Spectral characteristics of ring, given in mentioned above Fig.

2.5 and 2.6, are static characteristics. In order to be introduced to

its dynamic characteristics and to explain the process of the

formation of static characteristics, let us turn to the diagram of the

substitution of ring. In order to construct this diagram, we will use

expression (2.6). According to this expression the oscillation at the

output of ring is the infinite sequence of pulses. The first pulse is

formed by the input pulse, which passed only along the channel of

direct feed, the second - by pulse, which passed from the input to the

output along the channel of direct feed and which completed one

additional cycle of rotation/access on the closed loop of feedback,

the third - by pulse, which completed two cycles of rotation/access

and, etc.

On the basis of mechanism of work of ring described above, it is

possible to represent its equivalent circuit in the form, shown in

Fig. 2.7. This diagram consists of quadrupole K, which replaces the

channel of direct feed, and the infinite series of the circuits, which

replace the channel of the reverse/inverse supply B. Let us write

expression for the complex transmission factor of the equivalent

circuit, which consists of the M branches:

K (N,-U - m've-'I*'

] - me'
1 '

Page 96.

)1
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Modulus of this expression, i.e., equation of amplitude-frequency

characteristic, takes form

K(N, ) I + M2'4 - 2mN cos No,
y I +m2- 2mcos w3

Form of amplitude-frequency characteristic of equivalent circuit

depends on N; with N--, as it is not difficult to see, K(N, &)) accepts

form (2.15) (mIN. 0 with N--.

In Fig 2.8. amplitude-frequency characteristics of equivalent

circuit, which contain one, two, are shown, three and more than

branches. It is possible to examine these curves just as separate

stages of the formation of the stationary amplitude-frequency

characteristic of ring. In the period, which does not exceed t3,

amplitude-frequency characteristic is the straight/direct, parallel

axes of abscissas, i.e., system is nondistorting. To its output the

oscillations/vibration/oscillations, which completed one, two, begin

to come in proportion to, three and more than cycles on the internal

loop of feedback, the form of amplitude-frequency characteristic

changes. The maximums and the minimums appear at the characteristic;

in the course of time the maximums increase, and failures/dips/troughs

between them become deeper. With the unlimited increase of time

amplitude-frequency characteristic how conveniently closely approaches

the characteristic of steady state. From the graphs/curves given the

role of the dynamic characteristics of the systems, which actually
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determine the distortions of the pulses of different duration, here
becomes clear.

'ti

' . ,, i iiI il I IIII I i 2
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K ....... .. ... .. K$

Itp

.......

Fig. 2.7. Diagram of substitution of single ring by broken circuits.

Page 97.

Let us turn now to case, when ring has limited passband, so that

transmission factor of internal circuit

-I +. I

After using known formula for complex transmission factor of

device/equipment with feedback

it is possible to obtain

I + j'g - me ''

Modulus of transmission factor

K Cy)1 t  (2.17)
w here,+ ml + yx - 2. VI+-,' cos (y)

whe re y --. () - - J(y) _- - (arcg y J-xy).
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I. ./ , I- L0 27f 30I 4lr~st 0 f2f ¢ #r

Fig. 2.8. Process of formation of amplitude-frequency

characteristics of single ring.

3
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When in ring layout of integrating component/link is present, its

amplitude-frequency characteristic will no longer be periodic function

of frequency. The maximums of characteristic are arranged/located not

at equidistance, but their value decreases with an increase in the

frequency. The frequencies, at which occur the maximums, can be

determined from the equation

arc tg y + x y 2ka.
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100"

50#

20 -

a V1 2 3

1001

K10

b)

Fig. 2.9. Amplitude-frequency characteristics of single ring,

passband of internal circuit of which is limited in region of higher

frequencies: a) for t,/7=20; b) for t,/7=100.
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Envelope of maximums of characteristic

K (y) = I---
Y m

It is easy to see that envelope of maximums decreases with

increase in frequency more rapidly than transmission factor of filter.

This is explained by the fact that at frequencies, which correspond to

)
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maximum values, in the ring operates purely the positive feedback,

which amplifies the nonuniformity of characteristic.

Fig. 2.9 gives amplitude-frequency characteristics of ring with

positive delayed feedback, which contains low-pass filter. Fig. 2.9a

corresponds to the case, when t,/7=20, while Fig. 2.9b - when

t,/r=100. In both cases of m=0.9. The disturbance/breakdown of the

equidistance of the maximums and minimums is developed the stronger,

the less x,.

Let us determine passband of ring on enveloping

amplitude-frequency characteristic. After assuming

I ! I

let us find that 
I-p

Yrp==/V- 2 inJ-

or approximately [lrpCorp/ 1 ,17m +0,17mi, (2.18)

where (ft - the cut-off frequency of filter.

Dependence of relation rp/lo on m is given in Fig. 2.10. It

follows from the graph/curve that the passband of ring is the less,

the nearer m to one, and it becomes zero with m=l.

For practice there is great interest in possibility of
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evaluation/estimate of distortions of shape of pulse according to

static amplitude-frequency characteristics. In the general case the

solution of this problem is very complicated, but some recommendations

can be expressed for the example of single ring in question. Formula

(2.18) makes it possible to rate/estimate the filter pass band, which

stands in internal circuit of ring torn, if are known Q,, and m.

Page 100.

Value iq,, can be determined on the enveloping stationary

amplitude-frequency characteristic of ring, and m - through the

relation of the first maximums and minimums of characteristic

according to the formula

K:anc - K....
SK i ....+ K...

After determining value let us find time of establishment of

pulse, whose duration is less t.; ty=2,2/(')rp.

2.3. DISTORTIONS OF THE SHAPE OF PULSES WITH THE PASSAGE ALONG THE

TRANSMISSION LINES WITH THE THE DISCRETE/DIGITAL TO IRREGULARITIES

ENDTITLE.

In preceding/previous sections of present chapter were examined

conditions, with which was possible undistorted transmission of pulses

through transmission lines with discrete/digital heterogeneities, and

general/common properties of loop circuits are also analyzed.

)
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0,20 .f P , 49.5 0- 47-4 4

Fig. 2.10. Dependence of relative passband of ring on value of factor

of feedback.
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Let us pause now at a question about the distortions of pulses, during

their propagation concerning the transmission lines due to the

discrete/digital heterogeneities in the lines. Such heterogeneities

can be formed as a result of a change in the distance between the

conductors of the line, presence of the insulating washers and other

reasons.

Let us examine first simple case, when heterogeneity in line is

caused by change in its wave impedance. Let the line characteristic

in section/segment [0, x,] be equal p, in the section/segment ix,,,
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x2 ] is equal to p and with x>x, is again equal p0. Value p can be

both more and it is less p..

Fig. 2.11 shows law of change in line characteristic for case

p>p,. The section of line [x1 , x.) is single ring. It is easy to see

that for the wave, which is propagated from left to right, the

reflection coefficients at points x, and x, are equal in magnitude and

are reverse/inverse on the sign, and therefore

AK==(1--p')e- '. (2.19)

Here in A. are taken into consideration two passages of signal

through heterogeneity in contrast to formula (2.7). Time of landing

run along the line in the section [x,, x2j is marked through '/,t,.

For the waves reflected, which circulate within the ring, the

reflection coefficients at points x. and x, are identical, and

therefore

R -e-."Is.
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Fig. 2.11. Example of abrupt change in line characteristic of

transmission.
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on the basis of ormua (2.19) it is possible to write following

expression for transient response of line, which contains

heterogeneity:

n=I

With passage of square pulse through heterogeneity, frontal part

of pulse is distorted, taking stepped form, as it was shown in Fig.

2.2. The pulse amplitude in this case does not change, since the

steady-state value of transient response is equal to one, since

OD II pl __ !

n=1

Step function approximately it can replace with exponential,

after defining latter/last as envelope
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n

(n) =( - PS) V=I 2 () i pa. = _ ,_ e2nI.npI.

This expression can be rewri'tten in the form

t 
I
n IpJ

or P(t)==1-e0

P (t) Jtl- e 'os° .

t' (2.20)
where %00- 2In J(.2

Thus, if we judge by envelope, square pulse will be distorted

then, as if into transmission line was included/switched on certain

capacity/capacitance Co.. Time constant of capacity/capacitance

.-=--p 0Coe• Equalizing values r and ,oe, it is possible to find the value

of the equivalent capacity/capacitance:

Coo = - 1
P, In ipJ
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Time of establishment of pulse after passage of heterogeneity

2 ,2te.

For determining value %. it is possible to use graph/curve,

)
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given in Fig. 2.12, in which is given dependence loef=(P/.) for

different values of t, [16]. It is evident from the graph/curve that

the equivalent time constant depends substantially on the ratio p/p..

If heterogeneity is caused by presence in line of insulating

washer with dielectric constant e and by length 1, then

2c In II -

It is taken into consideration during derivation of this formula

that P= P' t afL!I where c=310' cm/s. Calculation shows that with
V-6 C

1=5 mm and s==2-. 2,5 z,=13,4.10-"-+-18X10-3a s.

Jump of wave impedance appears with curvature of strip

transmission lines.
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4111 0 NO

Fig. 2.12. Dependence of equivalent time constant on relation of wave

impedance of adjacent sections of line for different values of time

lag.

Key: (1) ... ns.
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Fig. 2.13 show two cases of the curvature of line. The wave impedance

of the bent part of the line

=[ ± I( a )21P = PO 6 R, + R s

where p. - wave impedance of straight line;

a - width of ribbon conductors;

R. and R, - bending radii.

Positive sign in formula corresponds to Fig. 2.13a, and negative

- Fig. 2.13b. Substituting this expression into the formula for

determining the time constant, let us find that
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In[148(-)± a

where R==-±(R,+ R.).

For determining time lag it is necessary to know average/mean

length of curvature of line 1,,="R and wave propagation velocity in

line v. Then t 3=,p/v. The dependence of value t..1t. from ratio R/a is

given in Fig. 2.14. Knowing this value and delay time t,, it is

possible to find equivalent time constant. For example, with R=2 cm

and =2 t 3=1,5.10 - ' ° s. If R/a varies from 0.5 to 5, then

,t,,-50.10-13 -- 21-•10 - 1- s.

Analogous phenomenon occurs, also, with curvature of coaxial

cable. The wave impedance of the bent part of the cable

--[I -

where D - diameter of external conductor;

R - bending radius.

Relation toe/ta will take form:

Coe I

After accepting R/D=5, we obtain -e=0,12, approximately the same

t3

value, as for strip line.



DOC = 88076707 PAGE

Page 105.

Formulas given in present section and graphs/curves make it

possible to rate/estimate effect of discrete/digital heterogeneities

on transmission of nanosecond pulses.

Action only of single heterogeneity above was examined; in many
cases of such heterogeneities there can be sufficiently much.

3
S
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Fig. 2.13. Forms of curvature of strip transmission line.

,v/t,

0.45

0.10

0.05

U 0.7 P. ZI. Z.5 3.0 3.5 4.0 4.5 5.0

41a

Fig. 2.14. Dependence of value ,,t, from ratio R/a. The curves a and

b correspond to strip lines with the different curvature (Fig. 2.13a

and b).
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In this more complicated case they proceed from the following

considerations. Fundamental oscillation and wake current is obtained

with the passage of the pulse oscillation through the distributed
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system with the discrete/digital heterogeneities at its output. If

wake current is not superimposed on the fundamental oscillation, which

occurs when the pulse duration is less than doubled time of landing

run between the nearest heterogeneities, then time constant

= 1/ = 1 2,L +;2 + + • 2
CDS %* I o a* 0 oeN

where ro I, TOO, Toe3,... - time constants of individual heterogeneities.

Present formula is consequence of fundamental limit theorem of

probability theory and assumes independence of action of

heterogeneities.

But if wake current is superimposed on fundamental oscillation,

then calculation of distortions of pulses becomes considerable more

complicated. In this case it follows to first calculate fundamental

oscillation and wake current on the assumption that they are spread on

the time, and then to use the principle of superposition. It is

necessary to keep in mind that component/term of wake current, which

arrive at the later moments of time, are usually strongly they are

weakened, which simplifies the calculation of distortions. The

calculation of the distortions of the shape of pulse due to the action

of wake current is examined in chapter 9 in connection with

traveling-wave amplifier. The more general case is analyzed into

[35], where the method of calculation of the effect of

heterogeneities, convenient for using the digital computer, is

presented.

)
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2.4. TRANSFORMATION OF PULSES.

One of most widely used forms of conversion of pulse oscillations

is conversion, which consists in multiplication of oscillation by

constant value K. and bias/displacement along time axis to the right

on t3 . This form of conversions includes the transformation of

oscillations, inversion, weakening, amplification, the time lag,

transmission along the channels of communication, etc.

Page 107.

All enumerated conversions of oscillations occur without a change (or

without the distortion) in their form.

In series/row of similtude one of first places occupies

transformation. It is used for impedance matching, increase or

decrease in the voltage/stress of pulse oscillations, inversion of the

pulses and other targets [36]. In the low-voltage devices/equipment

of nanosecond range (blocking oscillators, amplifier-limiters on

transformers, etc.) miniature peak transformers on the ferrites are

utilized. These transformers have the very small inductance of

magnetization and small geometric dimensions, in consequence of which

their parasitic parameters (self-capacitance and leakage inductance)

are also very small, and passband - sufficient for the undistorted

transmission of pulses nanosecond duration. To deficiencies in such

transformers should be related their inadequacy for the transformation

of high-amplitude pulses. (Similar transformers are examined further
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in hapter. 6).

Widest use in nanosecond pulse technique received transformers

with distributed parameters. These transformers make it possible to

transform high voltages and high currents, they possess sufficiently

wide passband. By the advantage of transformers with the distributed

parameters is the fact that their geometric dimensions decrease in

proportion to the decrease of the duration of the transformed pulses.

Simplest of the transformers with the distributed parameters is the

section of the long line, whose parameters change along the length

according to any law. Examples of such devices/equipment were already

examined earlier in the first chapter. Non-uniforms circuit as

transformers are inconvenient in a number of cases due to their large

geometric dimensions. Therefore such transformers for decreasing the

overall dimensions frequently are manufactured in the form of spiral

with the variable step/pitch (the. so-called spiral transformers).

For transformation of pulses can be utilized also distributed

systems, in which parameters are changed not continuously, but it is

abrupt.

Page 108.

An example of transformer in the form of the distributed system with

the discrete/digital heterogeneities is the stepped transformer, which

is the line, whose wave impedance is changed abruptly, for example

being raised from the beginning of line toward the end. In this
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system output potential is raised with respect to the voltage on the

input. Stepped and spiral transformers have the deficiency, that they

cannot realize an inversion of the phase of pulse oscillations. The

inverters and the transformers, formed by the sections/segments of

coaxial cable, are used for this purpose. A change in the order of

the connection of the central core of cable and braid/cover at the

output in comparison with the order of their connection at the input

makes it possible to carry out a change in the pulse polarity. But if

to connect two or is more than cables at the input in parallel, and at

the output consecutively/serially, then it is possible to obtain the

step-up peak transformer, the transformation ratio of which is equal

to the number of connected cable segments.

2.5. SPIRAL TRANSFORMER.

Spiral-transformers (Fig. 2.15) in structural/design sense are

tube from insulation 1, which possesses low losses, to which is

plotted/applied spiral with variable step/pitch of 2. Spiral is

surrounded by metal screen/shield 3, which the external conductor

forms. Both spiral and screen/shield must be made from material with

the low ohmic resistance in order as far as possible to decrease the

transformer losses.
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Fig. 2.15. Section of spiral transformer: 1 - dielectric tube; 2 -

spiral; 3 - screen/shield.
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It is possible to consider during production of transformer from

materials with low losses that properties of transformer are

characterized only by linear capacity/capacitance and linear

inductance, which determine wave impedance of spiral. The wave

impedance of spiral can be determined according to following formula

[37]:

P R, (_ I -{ )2] In R2

where

and e. - magnetic and dielectric constants of free space;

k - relative dielectric constant of the dielectric, which fills

space between the spiral and the screen/shield;

r - spiral pitch ( '/T - number of turns per unit of length);
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R, - radius of spiral;

R, - radius of screen/shield.

Optimum value of ratio of radius of screen/shield to radius of

spiral is equal to 2.06. Thus, in the optimum version

p = 0,44a t

After assigning a value of input resistance P. and a radius of spiral

R1 , it is possible from the preceding/previous formula to find spiral

pitch on the input of the transformer:

-- O ,44,z '

PBX

Spiral pitch at the output of the transformer

'9Db[X= 0 441 R

where

but n - transformation ratio.

Change in level of wave impedance to turn 7 determines value of

distortions of pulse apex. Usually they are assigned by this value in

the limits from 1 to 5%. Knowing total variation in the

resistor/resistance along the length of spiral, equal to the square of

transformation ratio, is easy to find the number of turns N.

Page 110.

The axial length of exponential helix from the N turns is found by the
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formula

I - 2xR
N

16 Z =_ - "

Formulas given above make it possible to conduct engineering of

transformer with distributed constants.

In work [37] constructions/designs of two spiral transformers are

described. One of them had a spiral, prepared from the wire, and

another - from the tape of variable width. Transformers were

structurally connected with hydrogen thyratron. hata of these

transformers are visible from able 2.1.

In table they are given: d - diameter of wire, h - thickness are

flight, 6 - clearance of strip/tape spiral, m - ratio of axial length

of spiral to length of wire, 7 - change in level impedance to turn.

Fig. 2.16 depicts oscillograms of pulses at input and output of

transformer, which testify about its broad-band character. At the

input of transformer the pulse duration in foundation is equal to

approximately 14 ns, while at the output - about 19 ns. The

spread/scope of positive pulse at the input is 3500 V, and at the

output 8600 V. As can be seen from fable 2.1, wire and strip/tape

transformers have approximately identical indices.

)
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Table 2.1.

('fOlapauMeTp n n
TpaHc4bop%1aPa cropa aJb

R,, m 19,45 22,30
R2, .X 37,23 37,23
d, xA 1,62 -
h, Mx - 0,07

, WA - 0,25
1,, X 1,74 2,22

m 1/14,4 1:14,2
N 210 230

1/ 1 o,9
Pal, OM 290 145

phux, ON 1590 1070

Key: (1). Parameters of transformer. (2). Wire helix. (3).

Strip/tape spiral.
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Difference lies in the fact that the transformers with the strip/tape

spirals are more convenient for low-level obtaining of

resistor/resistance.

Yu. S. Belozerov [22] carried out investigation of distortions

of shape of pulses, and also analysis of amplitude-frequency and

dispersive characteristics of spiral transformers of round and

rectangular cross sections (Fig. 2.17). Calculation data of

transformers are given in Table 2.2. In the circular transformers the

law of a change of spiral pitch is accepted by such, with which the

wave impedance of spiral changes exponentially. The law of a change

of spiral pitch in the rectangular transformers is shown in Fig. 2.18.
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0

) 
b

Fig. 2.16. Oscillograms of pulses at input (a) and output (b) of

spiral transformer.

a)

Fig. 2.17. Constructions/designs of spiral transformers: a)

rectangular and b) circular of sections.
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The number of transformer according to-able 2.2 indicates number

under the curve. Air was insulation in transformer No 1, and in the

rest - polyethylene. Spirals were coiled from the copper wire, and

screen/shield was manufactured from brass.

Measured values of resistors/resistances and transformation ratio

are given in Tab182.3.
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Fig. 2.18. Dependence of step/pitch of coil/winding on axial length

of spiral for different types of transformers.

Table 2.2.

L'-ia .pa ieh (.)Kp.,,,e (3) npamoyro.lb.,,

T paHc(Oopig ITOPbI TpaHCqOpsaroPfI
TpaHc¢ opaTOp8 J , I I N2 ,, 3 N".4 M

J 5

n 2 2,3 - -

PO, O 240 145 - -

p..., o 960 765 - -

R , .. 5 4,75 - -

Rt. AA 10 6,9 - - -

11, A,= 1100 1000 1000 1000 1000
T, Hce% 

)  40 60 160 214 284
%sit .M 5 4,75 4.8 4,8 4,8

'tam , AIM I 0,5 0,35 0,35 0,35
M 375 390 453 611 810
K 1 2,25 2,25 2,25 2.25

0,5 0,25 0,15 0,15 0.15
a- - 30 30 30

a - 35 35 35

b- 4 4 4

b, - 9 9 9

Key: (1). Parameters of transformer. (2). Circular transformers.

(3). Rectangular transformers. (4). ns.
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With the aid of rectangular transformers, which have identical

transformation ratio, but different delay, were investigated
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distortions of shape of rectangular pulse depending on electrical

length of transformer. The pulse, supplied to the input of

transformer, had flat/plane apex/vertex; the pulse duration was 60 ns

for the duration of front 8.5 ns. The results of measurements are

given in Table 2.4.

In-Table 2.4 T. indicates delay time, g - decay in flat/plane

part of pulse.

It follows from-fable 2.4 that *ith an increase in electrical

length of transformer, which is characterized by delay factor T,, it

begins to transform lower-frequency components of pulse spectrum,

which leads to decrease of decay in pulse apex g. The high-frequency

distortions, connected with an increase in the losses and an increase

of phase distortions with an increase in the electrical length of

transformer at the same time grow/rise.

For evaluation of effect of ohmic losses and phase distortions

amplitude-frequpncy and dispersive characteristics of transformers

were plotted. Measurements showed that the delay time of transformers

barely depends on frequency, i.e., dispersion virtually is absent.

The same result is obtained also from the theoretical calculations.

The measurements of the passband of transformers showed that it has

value on the order of 250 MHz.

Distortions of pulse edge transformer No 2 are given in able

.)
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Table 2.3.

JI,).V'Pip fC. I paux' 3
'P. o.

850 220 1,97
650 120 2.08

1300 150 2,92
4 1300 150 2,92

5 1300 15o 2,92

Key: (1). Number of transformer.

Table 2.4.

(A)Hoaep TpaNcoop-

1 lI ll C' 1%1P)I TOP"T

3 4
C 0 216 284

91 . 20 12 6
14., 'Hce& 13 14 15,5

Key: (1). Parameters of transformer. (2). Number of transformer.

(3). ns.

Table 2.5.

/4, ,, HccX¢ 214 6
3 3 4,7 6.7

Key: (1). ns.
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Of aforesaid it above follows that spiral transformers

successfully can be used for transformation of nanosecond pulses.

2.6. STEPPED TRANSFORMER.
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Together with simplest single rings, whose analysis was carried

out in second section, in pulse technique are utilized systems with

distributed parameters with large number of heterogeneities. For

example, such systems stepped transformer and traveling-wave amplifier

are. Stepped transformer is the line, whose wave impedance abruptly

changes at points x,, x., x3 .... Traveling-wave amplifier is

fulfilled in the section of the line, in which at points x,, x., x3

... are connected the tubes. Such devices/equipment are the system

ox the intersected rings, schematically shown in Fig. 2.19. System

consists of Q components/links K, included by P by feedback loops B.

The number of channels of feedback and, therefore, the number of rings

is equal to sum of Q of the first members of the natural series of the

numbers:

P=-LQ(Q+ 1).
2

Let us assume for simplicity of analysis that all

components/links of channel of direct feed are identical and are

rated/estimated by complex transmission factors K.

)
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U0

Fig. 2.19. Diagrammatic representation of system of intersected

rings.
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The feedback loops, which encompass the identical number of

components/links, let us also place by their identical and we will

rate/estimate complex transmission factors B1, B2 , B3, where the index

indicates the number of included by this circuit components/links.

Voltage on input of system of intersected rings

Q

q=+

is composed of voltage/stress U. and voltages/stresses, which enter

from output of the first, the second, the third and so forth of

components/links. In turn,

U, RU,,JAq.. B U, (2.22)

where Aq., - complex transmission factor of loop circuit, which

contains (q-l) component/link in the channel of direct feed;

Rq- transmission factor -f internal circuit of system from q

components/links.
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Substituting expression (2.20) in (2.9) we obtain

U.- uX .I , =U (2.23)

whence

q~i

and

-A -,o° , (2.24)

q=!

where

A 4-
Q Q

q -

or

AQ---A V IVA~ ~n=_,I

1)
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Passing from complex transmission factors to transient responses,

we will have

'AQ K Aq_-,isE E K - A ,,# BI (2.25)

where sign * - symbol of fold of Stieltjes [38], and [n-1] indicates

multiplicity of repetition of operation of fold.

Expression (2.25) is recursion formula for transient response of

system of intersected rings. In order to determine the shape of

pulses at the output of stepped transformer or traveling-wave

amplifier, expression (2.25) can be substantially simplified. If

device/equipment works under these conditions, during which the pulse

duration is less than doubled time of landing run along one section,

then for such pulses the equation of transient response will be

where K - the transient response of one component/link.

Without concerning thus far question about effect of wake

current, let us examine passage of main impulse. Stepped transformer

is schematically depicted on Fig 2.20. It is the line, which has N of

heterogeneities (jump of wave impedance). Let us designate reflection

coefficient from the heterogeneity with the passage of wave from left

to right through P., where n - number of heterogeneity. In the first
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approximation, we will consider reflection coefficient from the

heterogeneity real.

)
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Fig. 2.20. Diagrammatic representation of stepped transformer.
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Let us designate through u, wave of voltage/stress, which passed

through the n-th heterogeneity;, while is known,

It is obvious that if P.>, then u,,>u.-j; and if p<0, then

u,,<u,_. The value of voltage/stress in the first case of its

transformation on the heterogeneity is raised, and in the second case

it is reduced. Thereby heterogeneity in the line can play the role of

transformer with the transformation ratio

After traversing N of heterogeneities, pulse will N of times

transform itself; resulting transformation ratio in this case

.V

11=1

Since p cannot be more than one, then W there cannot be more
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than two and resulting transformation ratio will not exceed 21.

In order to determine transformation ratio of stepped transformer

in diagram, it is necessary to consider its input and output circuits.

Input circuit of transformer is shown in Fig. 2.21a. As can be seen

from this diagram, the amplitude of voltage on the input of the

transformer

P,

lu "t n ~ ~ um U m n <nu Lm
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Fig. 2.21. Input (a) and output (b) circuits of stepped transformer.
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Schematic of output circuit of transformer is shown in fig.

2.21b. It consists of equivalent generator, emf. which is equal to

2UQ+, and output resistance, equal to PQ+," Let us note relative to

value 2Uq+ that when the traveling wave of voltage/stress, which has

amplitude U(+4, reaches the extended end/lead of the line, then

receiving-end voltage becomes equal to 2UQ+,. This value is to emf of

equivalent generator. Voltage/stress on the load

Uu==2UQ+ R.

RQ + PQ+1

It is easy to see that when Rn>P+ voltage/stress on load can be

more than UQ, and when RUjpQ+j, with matched load, U.=UQ+I.

Taking into account input and output circuits transmission factor

of stepped transformer will take form

Wr o61 = K.WrK=aMis

where
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Kai- F,+ R,

2R.KBWZ RN+PQ+l

Let us determine, according to what law should be changed line

characteristic in dependence on number of transition so that

transformation ratio Wr would have maximum value. The number of

sections of transformer Q+2(Q=N-1) and the relation of the wave

impedance of extreme sections L+ =0 we will assume/set by the givenP1

ones. Thus, it is necessary to find the condition, under which the

product
N

9 (+p[n])
n=|

has maximum value. p[n] here means that p is step function n.
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It is possible to show that product will be maximally when all

terms are equal to each other, i.e., when pj1j=p[2]=p[31 ... =p[N]. In other

words, maximum transformation ratio in the stepped transformer occurs

in the case, when reflection coefficient is constant for each

heterogeneity.

Since

p [ p (,n + ] - P [n]
P [n + 11 + P in]

the increment in step function

,{)



DOC - 88076708 PAGE

Ap [a] = const {p [n + p [a + Ill - const p [n]

is proportional to value of function itself. Hence it follows that

p[n] is the step function, formed from the exponential function

[ [n] - Ae' . (2.26)

Let us assume for convenience p,-l, then PN+lO. For determining

of A and a we have: when a1, A and when n =N-±I AeL +lJ__,

whence

InnInS -w-
S--- I A=-e

Finally we obtain, substituting a and A in (2.26),

L11,1 '-11

p Ilt = e (2.27)

Let us find expression for maximum transformation ratio

N N

Wr .. n (+ ln])=H 2n+1 ,
n-p-l!--- I +P I -

11=1 1=1
,"H 2 -',

n ins ' In 0
n:N S + -- - ( __ - -- )

N
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It follows of reasonings given above that stepped transformer,

which possesses maximum transformation ratio, is system of intersected
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rings, in which all components/links are indent, and also rings, which

consist of identical number of components/links. Therefore the

formulas, derived above for the system of the intersected rings, can

be used for the analysis of this transformer.

Let us turn now to calculation of wake current. Let us take

account of the fact that the coefficients of reflection are assumed to

be real and that reflection coefficient with the passage of wave from

right to left has opposite sign in comparison with the coefficient of

reflection of wave with the passage of it from left to right. Let us

take also into consideration the fact that the reflection coefficients

from all heterogeneities are equal. In this case transient response

for the main impulse

Main impulse will appear at output after time Qt, in comparison

with onset of pulse at input .

FOOTNOTE 1. Here is not taken into consideration the time lag of

pulse in the line to the first heterogeneity and after latter/last

heterogeneity, since these sections of lines do not enter into loop

circuit. ENDFOOTNOTE.

The first echo pulse will arrive more lately to period 2t,, and in

order to determine its value, it is necessary in expression (2.25) to

select the terms, which operate in the interval of time [Qt3(Q+2)].
)
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After conducting this operation, we will obtain that the transient

response is determined by the expression

AQ (t) = (I + p)Q+ 1 (t - Qtj - Qp'l [t - (Q + 2) t.])
[t < (Q + 2) t.

Analogously can be found transient response for greater moments

of time, for example,

AQ(I) =(I +p)Q+I{1 (I -Qt)-Qp-l I[ - (Q -+2) +

+[(Q+-Q(Q- 1))P'-(Q- M, +p)'pX

X [t-(Q + 4) t ]l It K<(Q+4)t.l

and so forth.
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. For normal functioning of device/equipment, which stands after

transformer (for example, magnetron generator), greatest danger they

are first and second pulses, which follow after main impulse. On the

basis of the expressions for the transient response of stepped

transformer given above it is possible to write formulas for the

values of the first and second pulses, in reference to the amplitude

of main impulse, namely

-:- Qp, (2.28)

csi=[Q+Q(Q)]P-(Q + I)pl. (2.29)

Coefficients as., are function of number of rings Q-N-l (where N -

number of heterogeneities) and of coefficient of reflection p. As it

follows from the formulas, coefficient at is always negative, and

!.4.
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coefficient a2 can be both the positive and negative. With the

assigned magnitude B of the relation of the wave impedance of extreme

sections the greater the number of heterogeneities N or the number of

rings Q, the less p. Therefore with increase in N coefficients a, and

a, decrease; furthermore, coefficient a, becomes negative.

As already mentioned in Chapter 1, presence of heterogeneities in

the form of change in geometric dimensions of line leads to distortion

of field distribution in vicinities of heterogeneities and to

appearance of waves of highest types. Weakening oscillation, which is

realized due to the appearance of waves of the highest types, it is

possible to consider certain shunt capacitance Cn after introducing

in the place of transition. Taking into account this

capacity/capacitance the equivalent diagram of junction can be

represented in the form, shown in Fig. 2.22a. In this figure 2U.,--

equivalent emf of the generator, which replaces the left side of the

line; Pn-,- its output resistance, equal to the wave impedance of left

(n-l)-l section; P. - wave impedance of the n section; C, - transition

capacitance. This equivalent diagram can be given to the diagram of

the integrating component/link with resistor/resistance R--= +L and
Pr.- + P,

capacity/capacitance C,; to the component/link applied voltage/stress

2U',,=X,-2U _. _f"U+ _, -I 'Fig. 2.22b).
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Time constant of component/link cn=CR. Square pulse is distorted in

transit through this heterogeneity. Time of its establishment )
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ty=2.2,,. If the pulse duration is less than doubled time of landing

run of its alqng the section of transformer, then the time of the

establishment of the edge of the pulse, which passed N of

heterogeneities,

ty =2,2 V3 .+ % ,+.-. fN,

In the particular case all time constants of

transitions/junctions can prove to be approximately identical and then

!y==2,2 .VN. It should be noted that usually capacity/capacitance CU is

very small, and if the wave impedance of the sections of transformer

is sufficiently low, then the effect of transition capacitance is

virtually imperceptible.

Relation of wave impedance of extreme sections, determined by

design considerations, can serve for calculating stepped transformer

by initial value. Stepped transformer is conveniently performed in

the form of strip line. The value of transformation ratio WT depends

on value 8 and number of transitions/junctions. For determining the

number of transitions/junctions it is possible to use-rbles 2.6.
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a) b

Fig. 2.22. equivalent schematic of the section of transformer with the

heterogeneity: a) initial; b) converted.

Table 2.6.

I JJo p ,lllllr rpaac@op-

NMAltst W,

N=I N=2 I N=3 IN=1

2 1.33 1,36 1,38 1.39
4 1 W 1 ,76 1.84 1,88
6 1,71 2,00 2,15 2,20.
8 1.78 2.20 2,35 2,50

10 1,82 2.28 2,55 2.70

Key: (1). Transformation ratio ....
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Knowing number of transitions/junctions, we are assigned by wave

impedance of first transition/junction and find wave impedance of

subsequent sections through formula (2.27). The length of each

section is determined from condition 1= -  [cJt] (t. expressed in the

nanoseconds). Transition capacitance usually is very small and it is

possible not to consider it. For calculating wake current it is

possible to utilize formulas (2.28), (2.29).

Stepped transformers can be fulfilled not only in the form of

,1

_ u II
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distributed circuits. For the sufficiently long pulses (on the order

of hundreds of nanoseconds) and in the case, when to their form it is

not presented especially stringent requirements, the sections of

stepped transformer can be manufactured from the equivalents of long

lines, i.e., be fulfilled in the form of the chains/networks of

filters. Such transformers are used, in particular, in the

pulse-shaping circuits of pedestal in the powerful/thick pulse

modulators of magnetron generators [39]. The number of

components/links in the section and the value of their parameters are

selected on the basis of the condition for the permissible distortions

of pulses, i.e., the guarantee of the necessary for broad-band

character diagram, while the number of sections - on the basis of the

guarantee of the assigned transformation ratio, which usually is

determined by the values of the resistance/resistor of load (for

example, with the resistor/resistance of magnetron in the pulsed

operation) and by output resistance of pulsed source.

2.7. Inverters of pulses and the transformers, formed by the cable

segments.

Lines with variable/alternating section, just as spiral

transformers, do not change polarity of transformed pulses. Therefore

frequently it is necessary to supplement such transformers by

inverters.

As inverter can be used section/segment of coaxial cable with
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wave impedance p, at the beginning of which is connected source of

voltage 28 with internal resistor/resistance p (Fig. 2.23). The

external facing of cable is everywhere, besides initial point,

isolated/insulated from the earth/ground. At the end/lead of the

cable is included/switched on the potentiometer, whose

resistor/resistance is equal to p.
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If the wiper is located in position Q, then between point P and

earth/ground operates the pulse of the same polarity, as at the input.

If the wiper is supplied in position P, then the pulse of the reversed

polarity will operate between point Q and earth/ground. When

slide/wiper is located halfway, symmetrical output is obtained. It is

not difficult to see that this phase inverter can work only at the

high frequencies, since in the position of slide/wiper at point P

generator at the low frequencies proves to be short-circuited.

Work of this phase inverter occurs as follows. The traveling

wave of voltage/stress u appears with the connection to the input of

the cable of voltage/stress in it. This wave of voltage/stress causes

current wave i, which flows along the internal conductor of cable.

This current, flowing/occurring over the resistance/resistor of load

p, creates on it the voltage drop, which is removed/taken at points P

or Q in the positive or negative polarities with respect to the

earth/ground.
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Since point Q of outer covering of cable is located under

specific voltage/stress with respect to earth/ground, over external

braid/cover of cable flows/occurs certain current i,. The

resistor/resistance of the external braid/cover of cable is connected

in parallel to the resistance/resistor of load (in the position of

slide/wiper at point P) and shunts it. It is obvious that by-passing

of this resistor/resistance is the greater, the lower the frequency of

the transformed vibrations. For the direct current this

resistor/resistance is in effect equal to zero.

I
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Fig. 2.23. Diagram of inverter, assembled in cable segment.
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In order to increase inductive reactance of outer covering of

cable, it they displace into coil in such a way that its

self-capacitance would be minimum. In this case in parallel to the

resistance/resistor of load p proves to be connected inductive

reactance iwL.;, where L. - inductance of the convoluted into the coil

cable, as can be seen from the equivalent diagram, given in Fig.

2.24a. On this diagram of severings of cable it is replaced with the

voltage source with emf 2U,, (where U,, - voltage/stress of the

traveling wave in the line) and with internal resistor/resistance p.

According to the theorem of Tevenen [transliterated] the

resistance/resistor of load p can be converted in the internal

resistor/resistance of source, and then diagram will take the form,

shown in Fig. 2.24b. It is the inductive differentiating circuit, the

time constant of which sx-2.
P

During the supplying to input of inverter of single drop/jump in

voltage/stress, voltage/stress on its output, i.e., transient response

of inverter, takes form

)
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In this expression, written on the basis of equivalent diagram,

given in Fig. 2.24b, is not taken into consideration influence of

circuit parameters, which block undistorted transmission of edge of

pulses (this it is examined further).
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a) b)

Fig. 2.24. Equivalent diagram of inverter: a) initial; b) converted.
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Knowing the equation of transient response, It is easy to find the

value of the distortions of pulse apex due to the differentiation.

Decay in the pulse apex by duration t. will be determined from the

formula

__tX
g= - - l - "

= I e

where Ag - absolute decay in the apex/vertex;

8- pulse amplitude.

If tu<<'9x, then

t.~

Knowing duration of pulses t. and being assigned by permissible

value of decay in apex/vertex g, it is easy to find time constant T"

Since value p usually is assigned or selected previously, then through

known vK and g is found the value of inductance L., necessary for the

transmission of the flat/plane part of the pulses without the

distortions. It follows of the formulas given above that the less the)
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duration of the inverted pulse, the less the required value L, and

therefore inverter is obtained simpler in structural/design sense.

This fact makes the inverters (and transformers), carried out in the

cable segments, promising from the point of view of

transition/junction to the pulses of smaller duration. Let us note

also that with the decrease of the length of cable, caused by the

decrease of desired value Lx, decrease the distortions of the pulse

edge due to the losses in the cable. For loading Lt they coil cable

around the annular cores from the ferromagnetic materials. Similar

constructions/designs are described below.

Distortion of edge of transmitted pulses occurs, in the first

place, due to losses in metal and dielectric of cable. This question

was examined inbhapter 1.

Presence of output capacitance in source of surge voltage and

input capacitance of load is second reason for distortion of pulse

edge. These capacities/capacitances together with input and output

resistance of diagram form the integrating chains/networks, which lead

to the decrease of the slope/transconductance of the build-up/growth

of the pulse edges.
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Time constant of output chain/network ',w,=-L2pC,,; with p: =J15086and

C. = 10 w nz=0,75 ns and tY= 2,2 1Nu1=I,65 ns. If the time constant of

input circuit has the same value, then the time of establishment
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increases Vr once. Therefore during the construction of inverters and

transformers it is necessary as far as possible to decrease the

parasitic circuit parameters. By advantage to decrease the parasitic

circuit parameters. The advantage of inverters and similar type

transformers are their linearity, simplicity of construction/design in

comparison with the transformers of other types, to transmissivity

large power. The deficiencies include large overall dimensions and

large signal delay.

.inverter, described into [40], cable with length of 8 m with

wave impedance of 72 ohms (diameter of 4.8 mm) was wound in coil and

included into housing by length about 140 mm and by diameter of 190

mm. The time of the establishment of the transient response of this

inverter was 2 ns; time constant TH was equal to 0.8 ms. Instead of

the potentiometer at the end/lead of the cable were utilized two

plugs, to which were connected internal conductor and screen/shield.

Grounding points P or Q was realized with the aid of the special

short-circuiting plug.

Another construction/design of inverter is described into [41).

The inverting transformer was connected in parallel to the plate load

of tube, and therefore the inductance of the coil, formed by the

external braid/cover of cable, was selected from the condition

> R.Ri

where i. - maximum pulse duration;

g - permissible relative decay in the apex/vertex;

.... . o .. . . . . . ..
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Ra- load resistance/resistor;

Ri- anode resistance in the pulsed operation.

For loading of external braid/cover of cable latter uncoiled

itself into coil, into which was introduced ferrite core. For

decreasing the interturn capacity/capacitance of this coil, it was

made in the form of two sections. The first section consisted of 7

turns of cable PK-50-2-13, wound to the ferrite toroid by the diameter

of 30 mm and by the section 6x6 of mm2, forming inductance 30 gH.

This section was connected directly to the anode of tube.
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The second, main section consisted of 17 turns of the same cable,

wound to the ferrite ring with an outside diameter of 56 mm and with a

cross-section of 11x12 mm2 . The total inductance of this coil was

approximately 400 gH and it was sufficient for pulse advancing with

duration to 400 ns with the decrease of voltage/stress on the pulse

apex not more than on 10%. The length of coaxial cable was 2 m, which

created the time delay of pulse of approximately 10 ns. The duration

of the pulse edge at the output was approximately 3 ns.

In this case, when grounding facings of cable is impossible, for

realization of inversion of pulses should be included cable segments

in the manner that it is shown in Fig. 2.25. The switching

on/inclusion of cables with a wave impedance of p/2 shown in the

figure provides input and output resistance, equal to p. The
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inversion of pulses is realized here due to a change in the order of

the connection of the supplying and load cables to inverter [42).

Constructions/designs of inverters described above have the

deficiency, that for higher frequencies of pulse spectrum cable

convoluted into coil is not inductance, but it presents certain

distributed system. Therefore are used such constructions/designs, in

which the cable is coiled around the cylinder so that the external

braid/cover of cable forms the internal conductor of the helix of

transmission. The external conductor of helix is formed by the

screen/shield, inside which consists the cable (Fig. 2.26) [40). A

similar construction/design differs from preceding/previous in terms

of the fact that here in parallel to the load resistance/resistor

stands the input resistance of helix. This resistor/resistance is

sufficiently to large, since helix has large linear inductance.

.o.
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Fig. 2.25. Inverter, which does not have grounded points.

Key: (1). Ferrite.
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Equivalent diagram of an inverter of such type will differ from the

equivalent diagram of inverter with the cable, wound by coil, fact

that inductance I., will be in it replaced with input resistance to

helix Rx. If the pulse duration is such, that the signal reflected

from the end/lead of helix will not have time to return conversely,

i.e., if the pulse duration is less than doubled time of landing run

of signal along the helix, then line impedance there will be to its

purely active and equal wave impedance. In this case the pulse will

traverse the inverting device/equipment without the distortions of

flat/plane part. But if the pulse duration is more than doubled time

of landing run, then pulse apex will be distorted due to the

reflections in the helix.

Fig. 2.27 shows diagrams/curves of emf on input of inverter,

equal to 24, and modulus/module of voltage/stress on its output. It

follows from the figure that the pulse at the output delays in

comparison with the pulse at the input to period t. (delay time in

coaxial cable). The amplitude of this pulse U=kC, where k -
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coefficient, which characterizes the reduction of the amplitude of

output voltage/stress due to by-passing of the wave impedance of helix

Pc; k- Pe

P)
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Fig. 2.26. Form of inverter with helix.
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After time 2t30 (doubled time of landing run of ol along the helix) to
the output comes the echo pulse of negative polarity ', and the

amplitude of output voltage/stress decreases. After another time 2/,C

to the output again comes the echo pulse, on already smaller amplitude

and so on, as a result of which the apex/vertex of output pulse is

collapsible/dropped. After using the formulas, given in S 2.2, it is

easy to find expression for the signal reflected. Since Pc>p then

reflection coefficients from both ends/leads of helix are negative;

their product has positive sign, and therefore inverse cyclic bond,

formed by the mismatched helix, is positive. Omitting intermediate

linings/calculations, it is possible to show that the envelope of

output voltage/stress, given in Fig. 2.27b dotted line, is the

exponential function

P () =ke-'l o ,

where
n 29. +PJ2
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Fig. 2.27. Voltages on input (a) and output (b) of inverter with

helix.
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Principle of construction of phase inverter in section/segment of

coaxial cable can be used also for construction of transformers. Fig.

2.28 schematically shows the simplest transformer with the

transformation ratio, equal to two. It consists of two

sections/segments of coaxial cable of the equal length, whose center

conductors are connected to the center conductor of the supplying

cable. Thereby with respect to it they prov3 to be switched on in

parallel, so that the input resistance of transformer Zaxp/2. At the

output severings of cable are connected in series, and output

resistance of transformer Zvwxz 2p. Transformation ratio of this

transformer n /Z- I 2
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In order to clarify mechanism of action of this transformer, let

us turn to its equivalent diagram, given in Fig. 2.29. On this

diagram the lower cable segment is represented in the form of

equivalent generator with emf, equal to 23, and by internal

resistor/resistance p. The output of this cable, as can easily be

seen, is shunted by resistor/resistance 4.
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-2
Fig. 2.28. Schematic of transformer in cable segments.

Z"

Fig. 2.29. Equivalent schematic of transformer.
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If resistor/resistance of facing of cable Z, is sufficiently

great, then it can be excluded from equivalent diagram and entire

device/equipment will be certain equivalent generator with emf 4[ and

internal resistor/resistance of 2p. The input resistance of this

transformer, as can be seen from diagram, it is equal p/2, whence the

transformation ratio of transformer on the voltage/stress is equal to

two.

Similar to transformer with two cable segments transformers in n

cable segments can be constructed. Since the input terminals of all

cables are connected in parallel, the input resistance of transformer

from the N sections/segments will be equally p/N; whereas output

resistor/resistance equally pN since the output terminals of the cable -)
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segments are connected in series.

One of samples of matching transformers was described into [42].

Transformer consisted of ferrite toroid with a cross section of

X, and an outer diameter 1". In the transformer the

sections/segments of miniature coaxial cable with a length of 30 cm

with a wave impedance of 100 ohms were utilized. Cable (6 turns) was

packed on the toroid. Testing this transformer showed that the

distortions of the pulse edge were negligible and are determined only

by distortions in the cable (duration of the pulse edge it was

approximately 1 ns).
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CHAPTER THREE.

IMPULSE SHAPING IN LINEAR DISTRIBUTED CIRCUITS.

Different shapers are utilized together with relaxation

oscillators in pulse technique for obtaining pulses. The forming

circuits contain usually linear and nonlinear elements. When

fundamental network elements of formation are linear, it is possible

to speak about the linear shapers.

By linear method of formation is understood, in particular,

method, based on conversion of voltage/stress, applied to input of

linear network, and also method of obtaining pulses on certain load

element by its connection/attachment to linear network, which contains

statically stored energy. Thus, as a result of changing the energy,

stored up in the reactive/jet elements of the linear network, caused

by the commutation of equivalent components, appears the transient

process, which is utilized for the impulse shaping.

If method of formation is connected with need to preliminarily

have initial drop/jump in voltage/stress, which is supplied to linear

forming circuit, then in this case is excluded from examination method

of obtaining steep edge in voltage/stress.
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Both process of impulse shaping of one or the other form from

drop/jump in voltage/stress or current and method of obtaining very

steep edges is very important for nanosecond pulse technique, since

minimum duration of formed/shaped pulse is limited to finite time of

initial drop/jump in voltage/stress or current.

In relaxation oscillators of nanosecond pulses, described in

subsequent chapters, it is difficult to obtain pulses by duration of

order of nanosecond with their considerable amplitude (to ones and

tens of kilovolts). In the difference that relaxation oscillators

different pulse-shaping circuits make it possible to obtain nanosecond

pulses with the large amplitude. For guaranteeing a sufficient

broad-band character of diagrams of formation it is expedient to

utilize as fundamental network elements of system with the distributed

constants. Using the diagrams of formation with the transmission

lines as the fundamental elements, it is possible to obtain the pulses

of short duration, in the form very close to the rectangular. Is

substantial the fact that the duration of the formed/shaped pulses is

determined here only by the parameters of circuits and does not depend

on the mode of feeding of the corresponding devices/equipment.

In this chapter are examined fundamental questions of obtaining

nanosecond pulses, mainly, with the aid of linear forming lines of

transmission and corresponding switching devices/equipment.
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3.1. Methods of impulse shaping in the uniform lines from drops/jumps

in the voltage/stress or current.

Impulse shaping can be realized with the aid of initial drop/jump

in voltage/stress or current. In this case to the forming circuit

from the primary source a drop/jump in the voltage/stress or current

is supplied.

In the case of presence of initial drop/jump in voltage/stress

simplest of pulse (Fig. 3.1) is series connection of source of

drop/jump in voltage/stress UsI(t), certain two-terminal network ZA and

resistance/resistor of load Zu. The two-terminal network, which

ensures impulse shaping to this diagram, is usually called the

two-terminal network of the first hearth. It must possess such

characteristics that under the effect of an initial drop/jump in the

voltage in the circuit (Fig. 3.1) would be the pulse of the assigned

form.
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If current taper is initial, then diagram of formation (Fig. 3.2)

is parallel connection of source of current taper lux, forming

two-terminal network Zt, second kind called two-terminal network, and

resistance/resistor of load Z.

Characteristics of forming two-terminal networks can be in

general case determined on base of synthesis of forming circuits [1]. )
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Examining the schematic of the formation Fig. 3.1, it is necessary to

assign the required form of the output pulse of voltage/stress u,,I(t),

obtained from initial voltage/stress uax(f). With assigned load Z,. it

remains to determine character two-terminal networks Zg. Let us pass

to the operational form of recording, in this case we will consider it

known of the image of input and output voltages I;n,(p) and , 5, (p)

Transmission factor of the diagram

(P) (P.., )
".z (P)

Then for image 2,(p) we obtain

ZA (P)Z) (P)( -- ). (3.1)

Second aspect of task of synthesis of forming circuit consists of

construction of circuit according to obtained expressions for K(p) and

.(p). Two-terminal network Z4(p) is sometimes located through its

transient response that it requires the determination of original

A(t)l of image I/pIA(p).
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Fig. 3.1. Pulse-shaping circuit from drop/jump in voltage/stress.

Fig. 3.2. Pulse-shaping circuit from current taper.
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Let at input of circuit (Fig. 3.1), which has as load effective

resistance Z.(p)=R,, operate drop/jump in voltage/stress u9 1(t)Ux.I

whose image U 1/p. On the load it is necessary to obtain current pulse

of right-angled with an amplitude of I and durations of t, i.e.,

;''(P) = TR (I - e')
Pt.

Transmission factor

k (p) = IR, (I - e-p')
USX

Image of expression for the resistor/resistance of two-terminal

network according to (3.1):

Z. (p) = R. R ((I U., 1) " - IR. +/R, e-"')/R ""

If we for simplification in obtained expression assume 2R1 i=/ULX.

then, multiplying numerator and denominator of fraction by exp(p./2), wE)

have
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'P

i.t (p)-- R. e + R..cth (3.2)
eptu

12  e-P
t
/2 2

Obtained expression coincides with image of input resistance of

section of uniform line of transmission without losses, extended on

end/lead and having wave impedance p=R.,, if length of line is equal to

1=0,5 vt.,, where to v - wave propagation velocity in line, and tu -

duration of formed/shaped pulse.

Actually, in this case line impedance is equal

Z( Ig-= R. cthj (3.3)

Thus, two-terminal network of first hearth can be section of

uniform line, extended at end/lead.
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Analogous with this it is possible to show that for formation of

square pulse on load Rn from initial current taper (Fig. 3.2) as

two-terminal network of second hearth section of uniform long

zero-loss circuit, short-circuited at its end/lead can be utilized.

The length of section/segment must be In this case the line

impedance is equal

Zuz (. ip tg - I = R. th j!!"-. (3.4)
I2-
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As in the preceding case, amplitude of current pulse I in load

will be in this case equal to half of value of initial drop/jump.

In connection with the fact that duration of nanosecond pulses is

short, then length of sections of forming lines proves to be small.

With the impulse shaping of microsecond duration by the methods

indicated the required length of line proves to be excessively large

that it leads to the need of applying the artificial transmission

lines, which possess considerably smaller broad-band character.

In both diagrams (Fig. 3.1 and 3.2) internal resistor/resistance

of generator of drop/jump in voltage/stress is not shown (current).

In the devices/equipment of the impulse shaping of nanosecond duration

during the use of such diagrams usually the internal

resistor/resistance of generator is commensurate with the load

resistance/resistor.

For formation of square pulses from initial drop/jump in

voltage/stress it is most expedient to use diagram, shown in Fig. 3.2.

Here as the forming two-terminal network is conveniently used the

section/segment of coaxial cable or entire dibgram performed in the

form of a coaxial system of the type of tee. The schematic diagram of

this system is given in Fig. 3.3.

. . . . . .
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Fig. 3.3. Pulse-shaping circuit with the aid of line and

short-circuited stub.
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Here the line, which supplies from the generator a drop/jump in the

voltage, has the wave impedance p., equal to the wave impedance of tee

on its input part (point 1-1'). In section 2-2' is connected

short-circuited stub by the length l with a wave impedance of p2 .

The output part of the tee (point 3-3'), loaded to effective

resistance R,,, has wave impedance p,==R,.

Process of impulse shaping is explained by Fig. 3.4, where is

shown wave allocation of voltage/stress in different sections of tee

at different moments of time t,<t 2<t,<t4 . At moment/torque t, the

initial wave of voltage/stress yet did not achieve the points of 2-2'

tees. Moment/torque t, corresponds to the time, when wave, after

achieving points 2-2', underwent changes. The part of the energy

formed the wave, which passed to the load (to points 3-3'), part

formed the wave, which is propagated to the short-circuited end of the

loop, and part - the wave in the supplying line reflected. The wave,

reflected from the short-circuited end of the loop, has a polarity
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opposite to initial wave. As a result of the superposition of three

waves the shear/section of output pulse is formed/shaped (Fig. 3.5).

It is evident from Fig. 3.4 that the square pulse will be formed on

the load (at points 3-3') and repeated pulses will be absent, if there

are no wave reflections at points 2-2', which is propagated from the

short-circuited end of the loop, i.e., it is necessary to satisfy the

condition

2P, - (3.5)
P1 + ps,

2)
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Fig. 3.4. Wave allocation of voltage/stress in sections of line with

impulse shaping.
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This condition defines both the relative values of wave impedance

of sections/segments of tee and magnitude of losses of amplitude of

initial drop/jump with impulse shaping, since value of coefficient of

reflection of wave at input of tee is equal to

P=p,

P, + p,
M ___ (3.6)

P2 + PS + P,

Transmission factor of diagram is equal to

. - - + (3.7)

Duration of formed/shaped pulse, equal to doubled delay time of
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loop, it is determined by expression

S2, (3.8)

where 1, - length of loop;

v - wave propagation velocity in it.

Using method of imposition, we will obtain for output potential

of diagram, taking into account (3.7),

U 0(t)=(Im) [U W - Us (t - (3.9)

In real cases initial drop/jump in voltage/stress has finite time

of build-up/growth and, consequently, also process of impulse shaping

proceeds somewhat differently from for case of ideal drop/jump. Now

instead of Fig. 3.5 let us examine Fig. 3.6.

j)
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Fig. 3.5. Voltage oscillograms with impulse shaping with the aid of

short-circuited section of line.
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As can be seen from figure, the duration of shaped pulse (measured on

the foundation) depends on the doubled delay time of short-circuited

stub t,=21/v and on the duration of the front of initial drop/jump,

i.e., t1=t3+t4.0

Pulse amplitude at output

U.IJX-K -La USX, (3.10)

where K - transmission factor of diagram, determined according to

formula (3.7).

Minimum duration of shaped pulse in this case cannot be less than

duration of front of initial drop/jump. It is easy to see from Fig.

3.6 that with t, that vanishes, the pulse duration approaches the

duration of the front of initial drop/jump t however, the pulse

amplitude in this case according to (3.10) vanishes. Actually, if we
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examine the shortening (differentiating) RC network, to input of which

is supplied a drop/jump in the voltage/stress of the exponential form:

UX =UDx (I- e-

the duration of front of which (measured at level 0.1 and 0.9 of

amplitude) to0=22A, then the output voltage/stress, determined with

the aid of the Duhamel integral, will be

t dt .

0

When time constant of circuit is equal to r-A, output

voltage/stress

UBN=Uz e-tl
U,u1 = U,1 -IA

Active duration of output pulse (measured at level 0.5 of

amplitude) in this case is equal to 2.5A, i.e., it is approximately

equal to duration of front of initial drop/jump. Now, if we decrease

the time constant of circuit (r<A), drawing it nearer zero, and to

calculate Ubz. then it appears that the pulse amplitude rapidly

decreases, while its duration remains virtually constant/invariable.
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Thus, action of short-circuited stub in this respect is analogous

with action of differentiating circuit with lumped parameters.

Therefore the shortening of the pulse duration with the aid of the )
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short-circuited-section of line is occasionally referred to as

differentiation of the pulse of nanosecond duration.

When it is necessary to form pulse, whose duration (on

foundation) must be less than duration of front of initial drop/jump

in voltage/stress, it is expedient to use dual impulse shaping with

the aid of two short-circuited sections of line (double

differentiation). Fig. 3.7 shows the diagram of the dual shortening

of the pulse duration. Here with the aid of the first tee it is

necessary to form the pulse, whose duration (on the foundation) will

be somewhat more than the duration of the front of initial drop/jump

t, but the duration of its front t,i,, is less t,,o. After the second

shortening tee it is possible to obtain the pulse, whose duration will

prove to be somewhat more than t i,. but is considerably less the

duration of the front of initial drop/jump.

mu R • u mm ml m lm smmm ml• I |J
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Fig. 3.6. 'Voltage oscillograms with impulse shaping from drop/jump in

voltage/stress with final duration of front.

Fig. 3.7. Schematic of dual coaxial tee for pulse shortening.
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The duration of the output pulse

t. t + t ,,(3.11)

where t,, and t,. - respectively doubled delays of the first and

second loops, moreover t32<t3 ,.

Amplitude of output pulse

Usz = U, , KK.K. (3.12)

where Un, - amplitude of initial drop/jump in voltage/stress;
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K, and K, - respectively transmission factors of the first and

the second it is branch;

K. - transmission factor of attenuator.

Attenuator is placed between tees for eliminating noticeable

effect of second tee on the first, which occurs due to presence of

waves reflected, which appear in place for heterogeneity. Attenuator

decreases the amplitude of the nearest echo pulse, which must traverse

the attenuator 3 times, in K'o once relative to the pulse, passing

through the attenuator one time.

Methods of impulse shaping from drop/jump in voltage/stress

(current) examined commonly are used for obtaining pulses of fixed

period of time, and sometimes also for variable/alternating duration,

if length of short-circuited stub can be regulated.

For impulse shaping with smoothly changing duration method, based

on use of forming line and two initial drops/jumps in voltage/stress

finds use (current). In this case the generator, which develops

initial drops/jumps in the voltage/stress, puts out them with the

specific temporary displacement, whose value smoothly changes, by

changing the electrical mode of generator.
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Fig. 3.8. Parallel (a) and consecutive (b) pulse-shaping circuits

with adjustable duration.

Pag. 143.

Such diagrams can have in parallel series-connected load or (Fig.

3.8). In the case of series circuit (Fig. 3.8b) is hindered/hampered

obtaining the point of zero potential in load or in one of the

generators. In this respect is more convenient the diagram in Fig.

3.8a. Here the generator of a positive drop/jump in the

voltage/stress with shaping of front and pulse apex is loaded both on

the resistor/resistance R. and on output resistance of the generator,

which creates the second drop/jump in the voltage/stress (negative).

Therefore the transmission factor of diagram is equal to

2 (3.13)

Deficiency in method of impulse shaping with the aid of two

drops/jumps in voltage/stress is presence of waves reflected.

propagating in the circuit of generator, which can lead to the onset

of spurious pulses. Furthermore, the presence of two drops/jumps,

shifted on the time, requires the high stability of the value of this )
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shift, since with the impulse shaping of nanosecond duration even the

insignificant instability of this shift can substantially influence

the stability of the pulse duration.

3.2. Methods of impulse shaping in the diagrams with the uniform

discharge lines.

Methods of impulse shaping examined are connected with need for

presence of initial drop/jump in voltage/stress or current. For the

formation of square pulse this drop/jump must be ideal, i.e. have

infinite steepness of front.

Method of impulse shaping, when drop/jump in voltage/stress is

formed directly in squaring circuit, is of interest. Squaring circuit

with the aid of the section of the extended line (fig. 3.1) can be

equivalent to shaping circuit with the charged/loaded to

voltage/stress E=UB,=2IR,, section of the same line, locked at one

end/lead to resistor/resistance Ru (Fig. 3.9). This diagram is

occasionally referred to as diagram with the discharge line.
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In it is utilized the alternating discharge of line through effective

resistance R.,, equal to line characteristic [1].

Energy of dc power supply E is utilized for charge of line

through resistor/resistance of R,, while electrical or mechanical
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commutators are used for alternating discharge. The current pulse,

which appears during the discharge of the section of uniform zero-loss

circuit through the effective resistance, equal to wave impedance, and

through the ideal commutator, has rectangular form. The duration of

pulse 1,, is determined by the time of the dual passage of the wave of

discharge current along the line
t. 21 21

=, - (3.14)

where I - length of line;

u - wave propagation velocity in it;

c - wave propagation velocity in the vacuum;

m and e - with respect the magnetic and dielectric constants of

the material of line.

Since current wave in process of discharge of line has amplitude

E E
R. + 2R.

that on load resistance/resistor voltage pulse with amplitude of

UabX=E/2 iS formed/shaped.

In actuality with impulse shaping of nanosecond duration is

necessary to consider quality of agreement of line with load

resistance/resistor, value and character of change in time of

resistor/resistance of commutating element and presence of losses in

forming line.

.)
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Fig. 3.9. Pulse-shaping circuit with discharge line.

Page 145.

In oscillator circuit condition of equality of load R,, and line

characteristic p always cannot be strictly carried out. In the

process of operating the generator relation R,,'r can prove to be

somewhat more or less than one. The divergence of this relation from

one affects the process of impulse shaping and it leads to the

disturbance/breakdown of its form. In these cases due to the

appearing partial reflections of waves (point or of voltage/stress)

from the loaded end/lead of the line the process of its discharge

lasts longer than in the case of the matched load. The shape of pulse

on the load takes the form, shown in Fig. 3.10a and b, depending on

that R.1p<l or R,Ip>1.

On the basis of expressions (3.3) and (3.2) for image of input

resistance of forming line it is possible tc record

(P -e
- P I

X
"

1-+

. . . . . .i' 4
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Fig. 3.10. Shape of pulse on load: a) when , b) when -P'r >'
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After finding then image for current in load, it is possible to

obtain expression for voltage/stress on load, represented in the form

of right-angled pulses by duration I,,. that appear

consecutively/serially through gaps/intervals fi, Expression for the

amplitude of k pulse takes form E1]

" ER, M(3.15)

where k-l, 2, 3, ...; m - coefficient of reflection of the waves:

m - R. - p.R.+?

Expression for amplitude of voltage/stress makes it possible to

determine permissible value of relation Ru/p according to assigned
W hp.rQ U I

ratio U,/U K- amplitude of the first, and U, - amplitude of second

pulse (Fig. 3.10). So if it is assigned, which U. must comprise to
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more than 5% of value U,, then the value of relation R./p takes values

of 0.90 or 1.102. The load resistance/resistor in this case must be

in limits 0.9p<R,< ,lp.

Real forming lines with losses have transient responses with

finite time of build-up/growth of their front. Therefore the shape of

the obtained pulses into the reality differs from rectangular. The

steepness of the front of transient response is determined by

magnitude of losses in the line (coaxial cable, band line) and by its

length. Therefore depending on the pulse duration the

slope/transconductance of its shear/section changes, since required

length of the forming line will be different.

In pulse generators of nanosecond duration of such type as

discharge lines coaxial cables are utilized, or strip lines,

slope/transconductance of frontal part of transient responses of which

can be evaluated according to formulas, obtained in chapter 1.

Properties of commutating element affect besides line losses to

shape of pulse. The commutating elements have a resistor/resistance,

to equal to zero and changing in the time in the process of

commutation. Therefore voltage/stress on the commutating element also

varies for the time of commutation (Fig. 3.11) from certain value

U'i to U"K. This fact can lead to the noticeable divergence of the

shape of the obtained pulse from the rectangular.
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Essential is time t.,, for which is realized commutation, and also

stability of commutation. The law of a change in the

resistor/resistance of the commutating element, thus, determines the

form of front and, consequently, also the shear/section of pulse.

Fig. 3.12 shows the process of the discharge of the line, when the

time of commutation is final. The duration of front and the cutter of

the formed/shaped pulse can to a greater degree be determined by the

characteristics of the commutating element, than by the special

features of the transient response of line.

Therefore it is desirable so that resistor/resistance of

commutating element (contact resistance) would be constant and it is

close to zero. The contact of commutator must if necessary provide

sufficiently high current. The instability of the time of commutation

(with the formation of periodic pulses) must be considerably less than

the assigned duration of the edge and o" pulse. The frequency of the

formed/shaped pulses in this case is determined, as a rule, by the

frequency of commutation. Therefore it is desirable so that the

commutator would be controlled by external trigger pulse.

iA
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Fig. 3.12. Voltage oscillograms impulse shaping in diagram with

commutator, which has finite time of commutation: U- - voltage/stress

on line, u.- voltage/stress on load.
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In generators of nanosecond pulses find use switching

devices/equipment, which use thyratrons, mechanical relay, electron

tubes and and gap arrestors.

output pulse in in practice utilized devices/equipment is

transmitted through high-frequency cable, which is coordinated with
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load resistance/resistor. If necessary for observation on the

oscillograph of the formed/shaped pulse for guaranteeing the required

synchronization it is desirable to provide in the diagram the output,

from which it is possible to obtain the trigger pulse of

scanning/sweep of oscillograph. For the same purpose the main impulse

must be delayed on the period, required for functioning of sweep

circuits. In these cases load resistor/resistance is made in the form

of the voltage divider with several outputs, each of which is

connected with the high-frequency cable, which has the necessary delay

time of the pulse, transmitted through it. The input resistance of

divider will be coordinated with the wave impedance forming lines

taking into account the contact resistance of commutator.

During proper selection of forming line and commutating element

for guaranteeing shape of pulse, close to -nctangular (front and

shear/section of order of ones or portions of nanosecond and absence

of distortions on apex/vertex), it is necessary also to care about

decrease of parasitic circuit parameters. The latter fact causes high

requirements for the mounting of diagram.

With impulse shaping (Fig. 3.9) output pulse is removed/taken

from load, whose resistor/resistance is equal to wave impedance of

forming line.

2)
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Fig. 3.13. Pulse-shaping circuit with line, loaded at both

ends/leads: a) with two commutators; b) with one.
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As the load usually are utilized coaxial cables, whose wave impedance

has the small number of different nominal values.

This essential deficiency in diagrams to a considerable degree

described-earlier is removed in method of formation with discharge

line, loaded to effective resistance at both ends/leads. Fig. 3.13a

gives the diagram of formation, proposed by Yu. V. Vvedenskiy [43,

44], in which instead of the discharge line, extended at one end/lead,

is used the line (coaxial cable), loaded at one end/lead for certain

load R, (required on the working conditions) and on matched impedance

R at other end/lead.
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Is here preliminarily charged/loaded through resistor/resistance

of R, line at moment of closing/shorting key/wrench K, begins to be

discharged. Let from the end/lead B along the line begin to be

propagated the wave of voltage/stress U, less than E/2, since R,,>P

(Fig. 3.14).
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Fig. 3.14. Wave allocation of voltage/stress along line (a) and-on

load (b).
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At the moment of the arrival of wave toward the end A of line is

closed key/wrench K, the forming line it proves to be loaded to

resistor/resistance Re. Because of this conversely to load Ra will go

sum wave U,+U 3 , whose value is determined by the relationship/ratio

between the wave impedance of cable p and by resistor/resistance Rc.

Here U, - wave, reflected from end/lead A of line; U, - wave, caused

during closing/shorting of key/wrench K,. The relationship/ratio

between the resistors/resistances p and Re is selected in such a way

that backward wave after reflection from load (at the end/lead B)

would completely remove/take from it voltage/stress.
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Since voltage/stress on load at moment/torque It=' must be turned

into zero, i.e., U,+U,+U,+U,+E=O. (3.16)

it is possible to find from this condition value of matching impedance

RC The amplitudes of the propagated waves will be respectively equal

to:

P + R.'us = -E P'R-
p+RR '

U p+ R. p Rn cP) P (3.17)
U,=-E (I- P+e, p+R,, R.+)P +R,'

U. = (U, + U.) R. -P

In resulting expressions final duration of wave front is not

considered, but charging resistor R, is considered as the very large.

If inequality p9R., occurs then matched impedance differs little from

the wave impedance.

With change in value of load from Ru=p to value RH>p value of

matched impedance virtually on is changed. If the forming line has

the low wave impedance (for example, it is used the corresponding

strip transmission line), then the value of load can vary from ten of

ohms to megohm with constant quantity of resistor/resistance R,:, and

the shape of pulse remains rectangular.
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As can be seen from operating principle of diagram, between

moments/torques of closing/shorting keys/wrenches K. and K, is passed )
time, equal to half of duration of formed/shaped pulse. Changing the
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time of closing key/wrench K., it is possible to regulate the pulse

duration in the limits from the dual delay of the forming line to the

doubled duration of the wave front, which is determined by the time of

the commutation of key/wrench.

If time interval between closing/shorting of keys/wrenches K, and

K, will be considerably more than delay time of formed/shaped pulse,

then steps, explained by presence of wave reflection from extended

end/lead A of line, will appear at apex/vertex of this pulse..

In real cases usually R.O.1R,,. With load change the amplitude of

formed/shaped pulse, which is here greater than E/2, changes

insignificantly. This change can be rated/estimated with use of the

expression

R,,

i R R., (3.18)

Efficiency of this diagram is less than diagram with matched load

(Fig. 3.9).

To deficiencies in method of formation in question can be

attributed requirement for two keys/wrenches. Therefore, if there is

no need for continuously variable control of the pulse duration,

diagram can be altered, as this is shown in Fig. 3.13b [44]. In this

case both waves of the voltage/stress of the discharge of line begin

to be propagated from the ends/leads of the line during
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closing/shorting of key/wrench simultaneously. The pulse duration is

obtained here two times less, since it is determined now by the

propagation of wave only in one direction.
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3.3. Impulse shaping in non-uniforms circuit.

In some practical cases of impulse shaping of nanosecond duration

of small and large power difficulties, connected with need for

impedance matching of load with wave impedance of forming lines with

the aid of special matching systems, are encountered, while in number

of cases load contains except active even and reactance. In the case

of pulsing of high voltage it is necessary to use the forming lines,

designed for high voltages or large workers after all. This

substantially complicates the construction/design of generators, it

makes with its bulkier, which leads to an increase in the circuit

parameters, which affect the duration of front and shear/section of

the formed/shaped pulse.

Noted difficulty in number of cases succeeds in decreasing or

completely removing during use those of heterogeneous forming lines.

Decrease in charging voltage (current) in the diagrams with

non-uniforms circuit.

)
With impulse shaping of nanosecond duration of high voltage in
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diagram with discharge line for reduction in voltage/stress on line it

is possible to use method, proposed by 0. N. Litvinenko, by V. A.

Il'in, by V. I. Soshnikov [l, 45]. High charging voltage on the

usual uniform forming lines depends on the fact that entire/all that

energy, which during the pulse duration is realized on the load

resistor/resistance, reserves itself in a comparatively small static

capacity/capacitance of line. An increase in this capacitance for the

assigned pulse duration is connected with a change in the line

characteristic; in view of the fixed/recorded value of load,

coordinated with the line characteristic, its change proves to be

impossible.

Charging voltage of line can be reduced, if supplementary

accumulator/storage, which accumulates part of energy, reserved by

device/equipment will be included in oscillator circuit. Lumped

capacitance can perform the role of this accumulator/storage (Fig.

3.15). However, in this case it is not possible to use the uniform

forming line, since the inclusion in the diagram of lumped capacitance

will change the resistor/resistance of circuit and generator it will

lose its forming properties.
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Input resistance of diagram with capacitance and non-uniform

circuit, measured between points a-a' with off voltage source and

resistor/resistance R,,. must be determined by expression (3.2)
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4m (p) - Rh cth

For determination of necessary law of change in wave impedance of

non-uniform circuit it is possible to examine equivalent diagram (Fig.

3.16), comprised for determining voltage/stress on resistor/resistance

R11- Charged/loaded to voltage/stress E the section of line is here

represented in the form of the dc power supply E and

resistor/resistance Zt,. measured between points b-b'. The pulse on

load R.. which appears after closing/shorting of key/wrench K, will

have rectangular form in such a case, when the current, flowing

through this resistor/resistance for time tI, will not change its

value. This is possible in such a case, when the source of voltage E

it is loaded the resistor/resistance, which has purely active

character. In other words, resistor/resistance Zi, must be the series

connection of effective resistance and negative capacitance, which on

the modulus/module must be equal to capacitance of C.

)
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Fig. 3.15. Fig. 3.16.

Fig. 3.15. Diagram of generation of pulse with non-uniform circuit

and supplementary capacitor/condenser.

Fig. 3.16. Equivalent schematic of shaper.
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It is possible to show that in this case it is necessary to use

parabolic type non-uniform circuit, whose wave impedance along the

axis of line changes according to the law of [45]

P(x)o( - (3.19)

where x - coordinate, calculated off the beginning of line along its

longitudinal axis;

N - parameter of line, which characterizes rate of change of its

wave impedance;

P--. wave impedance in the beginning of line.

Input resistance of this line (extended at end/lead) is expressed

where Ck 2the (3.20)

where C, capacitance, whose value is determined by



DOC - 88076709 PAGE .

relationship/ratio

C. (3.21)

v - wave propagation velocity along line.

As is evident, input resistance of parabolic line differs from

input resistance of usual uniform forming line only by presence of

term - 1/pC,, that is operational image of resistor/resistance of

certain negative capacitance. Thus, the actually consecutive compound

of this line with capacitance C, in the absolute value of the equal

capacitor C., forms circuit with an input resistance of

Z(p):=p.cth T

which coincides with the image of the resistor/resistance of the usual

forming two-terminal network.

Thus, circuit in the form of series connection of line, whose

wave impedance changes according to parabolic law, and lumpad

capacitances can serve as discharge line in squaring circuit.

Presence in this generator of supplementary capacitance of C

makes it possible to substantially lower working voltage/stress on

line. Actually, in the process of the charge of diagram supply

voltage proves to be applied to the circuit, formed by the consecutive

connection of capacitance of C and static capacitance of line, and

after the termination of charge it is divided between the elements )
indicated inversely proportional to the values of their capacitance.
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Selecting capacitance value C, it is possible to ensure decrease

in charging voltage to a certain degree directly on line.

It is considered during selection of capacitance value C that it

determines required rate of decrease of wave impedance along axis of

non-uniform circuit, i.e., determines parameter N. Virtually

capacitance of C can be equal to the static capacitance of line. In

this case it is possible to use voltage-doubling circuit, in which

during the charge of circuit capacitanc of C, connected in parallel

with the line, is connected to the source of voltage E and is charged

up to the value of this voltage/stress.

These elements prove to be those switched on between themselves

consecutively/serially during discharge of circuit (with impulse

shaping), in view of which general/common equivalent emf, which

operates in discharge circuit, is equal to doubled supply voltage.

This fact allows approximately doubly (with an accuracy to a voltage

drop across commutator) to reduce the value of supply voltage.

If for impulse shaping is utilized diagram with second-order

two-terminal network (with short-circuited line), then it is possible

to lower charging current by inclusion in forming circuit of

supplementary inductance L (Fig. 3.17). Inductance here plays the

same role, as capacitance in the diagram in Fig. 3.15.
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For impulse shaping of right-angled in this diagram it is

necessary to utilize non-uniform circuit, whose wave impedance changes

according to hyperbolic law

0 x!)(3.22)

)
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Fig. 3.17. Pulse-shaping circuit with non-uniform circuit and

supplementary inductance.
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In this case value of inductance must be undertaken equal to

L Np0/v, (3.23)

where, as before, N - parameter of line, which characterizes rate of

change of its wave impedance; p. - wave impedance in the beginning of

line; v - wave propagation velocity.

Correction of the shape of pulse with the aid of non-uniform circuit.

Besides diagrams of decrease in charging voltage (current) in

lines, which it is expedient to use with formation of powerful pulses,

non-uniforms circuit can be successfully used for correction of shape

of pulses. In the real diagrams sometimes it is impossible to avoid

the parasitic parameters. So load instead of the purely active proves

to be complex.

If, for example, for formation of square pulse it is utilized

with uniform discharge line, extended at one end/lead and loaded to

effective resistance R. on other, then presence of stray inductance

L., back-out resistor R,, leads to distortion of shape of pulse.

Let line with wave impedance p be preliminarily charged/loaded to

voltage/stress E. Then during the discharge of line on load Z,,. which )
presents the parallel connection of resistor/resistance R,, and
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inductance L,,, voltage/stress on the load will be ui. It is easy to

show that the operational expression for this voltage/stress will be

P B pLHR. E p
+ LnpR, PL.+ RM2 p+R,,/2L

RM+pL+Ru

or, passing to the original

Rut

B. - . 3.24)

As is evident, shaped pulse of voltage/stress decreases

exponentially.
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Relative value of decay in the pulse apex is determined by the

expression

A0 )

FOr retention/maintaining under these conditions of rectangular
shape of pulse, as 0. N. Litvinenko E1, 45] showed, it is possible

instead of uniform line to use heterogeneous forming line, whose wave

impedance p(x) changes according to hyperbolic law.

In this case diagram of formation (Fig. 3.18a) with non-uniform

circuit of finite length, charged/loaded in initial state to

voltage/stress E, can be enticed by equivalent diagram (Fig. 3.18b),

where line is undertaken infinite length. This is correct only for
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the range of time from t-0 to t=t,,. i.e. for the doubled delay time of

the section of the line, when the form of voltage/stress on

resistor/resistance Z. does not depend on conditions at the end/lead

of the line.

If input resistance of infinitely long non-uniform circuit Z.,

then voltage/stress on resistor/resistance Z, will be equally

Uil = . + _ z"(3.25)

If on load pulse is formed/shaped right-angled, then

voltage/stress u,, for period O<:Ztit is constant value. At the moment

of closing/shorting the key/wrench voltage/stress on the load

-ji ER,
R,, + po ' (3.26)

where p, - wave impedance in the beginning of line.

,,,.m mm ,,,uwmmuumm i)
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Fig. 3.18. Pulse-shaping circuit with corrective non-uniform circuit

(a) and its equivalent diagram (b).
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Since u.=const, then the same value 11-1 will be supported during

entire period in question. Thus, for the input resistance of

non-uniform circuit we will obtain from (3.25) taking into account

(3.26) the operational expression

Z.,(p)=Z.(p)_ --= pL+p/ P (3.27)PL.+ p. I +RmL,,"

Knowing input resistance, it is possible to find law of change in

wave impedance along line (along x axis).

As shown into S 1.8, processes in non-uniform circuit are

described by equations:

duu

C (x) .U-,

where L(X) and C(x) - linear parameters of line;

x - distance from beginning of line.



DOC - 88076710 PAGE

Converting these equations and deciding by their path, analogous

how this is made into S 1.8, it is possible to show that expression

for wave impedance will take form

, (X,, (3.28)I+t-. X)

where v - wave propagation velocity along line.

Thus, wave impedance changes according to hyperbolic law.

Resistor/resistance P, is found from condition of minimum

remainder/residue of energy in line after its discharge and is equal

to P. Rn. Insignificant energy (about 1*) remains during the

discharge of line in it, but the apex/vertex of the formed/shaped

pulse becomes flat/plane. However, over the load energy in turn is

distributed between payload Rv and stray inductance L,.
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Since in the shapers the energy, stored up in the inductance, is not

utilized, then it must be scattered on the supplementary elements,

specially introduced into the diagram (diodes, thyratrons), which

leads to the complication of diagram and decreases its efficiency.

The greater the decay in the pulse apex it is corrected by hyperbole

trace, the greater the energy reserves itself in inductance L,.

Diagram of formation with matching non-uniform circuit.
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In certain cases during use of diagram with discharge line

effective resistance of load cannot be undertaken by equal to wave

impedance of forming line. Then agreements use non-uniform circuit,

which performs the role of transformer. However, as it was shown into

S 1.8, non-uniform circuit distorts the flat/plane part of the pulse.

So that the pulse on the load would be rectangular, discharge line

also must be heterogeneous.

Fig. 3.19a gives diagram, where between discharge exponential

line 1 and load R,, after key/wrench K is included/switched on matching

transformer 2 in the form of exponential line of transmission [46].

Fig. 3.19b gives the equivalent schematic of this device/equipment.

Load resistor/resistance is selected by the equal to the

resistor/resistance of transformer in output terminals. It is evident

from the equivalent diagram that the voltage on the input of

transformer (point C) will be

Z EUC -Z'+ Z -

where Z. - input resistance of the forming line (from the side of

commutator);

Z, - input resistance of transformer.
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A~

Fig. 3.19. Diagram of formation with matching non-uniform circuit (a)

and its equivalent diagram (b).
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From theory of exponential line, which is used as forming

two-terminal network and transformer, are known expressions for input

resistances [40, 46, 47]. The wave impedance of exponential line

according to (1.109) is equal

p(x) =pekx V eL

input resistance of exponential forming line has following

operational expression:

)(p) =- , I + 2,, (3.29)

where t,, - delay time, which corresponds to overall length of line

Input resistance of transformer, coordinated with termination, )
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(P) - 2
}  (1--e- [)1J. (3.30)

It is here assumed that both lines have identical delay per unit

of length t30=const, and exponents k, and k, are different.

After substituting values of resistors/resistances of Z,(p) and

Z,(p) into expression for Uc, we will obtain for image of voltage on

input of transformer (at point C in Fig. 3.19b) following expression:

k. -2p " (, k, kj/.
C4p, 3 , e 1 .. 4p,. 2 I'

+ (1 -c - t )] " (3.31)

As positive direction of motion of wave is accepted motion to the

left for forming line and from left to right for transformer, and are

also taken into consideration corresponding signs in coefficients of

K, and K,.
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Exponential term with index 2pt,, considers the presence of

reflections from the outlet end of the transformer.

Voltage/stress U, in terminals of termination (at point D in Fig.

3.19b) can be found, if we use solution of equation for exponential

line [46], after using it in this case to exponential transformer.

Output voltage/stress U., will be composed from direct wave, which is

propagated from point C to D (U',,), and reflected, passing from point D
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to C (U"..). i.e.

U ,, -U '11 + U "1 ,, -= U ' , ( I + , ,

where i,,- reflection coefficient on the voltage from the outlet end

of the transformer:
k,

Image for voltage/stress U',, will take the form

k, t., 2

(p) -U', (P)e e 1 a,

where value U'0(p) in the case in question is equal to value U(p).

Then the output voltage/stress

U (p) 4pt, 8 P,

2pt., 441't 4pt X pi t2 -

Factors, which determine value of transformation ratio of voltage

and delay time in transformer are here omitted. In the forming system

the divergence of the pulse amplitude from the constant value is

determined by the second and third members of expression (3.32).

These terms are reduced, if the condition

21a,

is satisfied.

Page 162.
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Condition, necessary for compensation for decay ("avalanche") in

pulse apex, thus, can be recorded in the following form:

k, k2 l,2  (3.33)

Let us recall that for forming line and transformer is accepted

equality of delay times per unit of length, i.e., t.o --to02 = .o.

Transformer must be designed so that pulse amplitude would be

reduced not more than to 10% in the case of its connection/attachment

to usual forming line (to uniform). Then, assuming/setting in

expression (3.32) K,=0 and producing integration for the time from t=O

to t=2t,,, we obtain

=0, -; O,1. (3.34)
4tjo

31.0

Thus, using known values R11, P0.to0 and duration of pulse t,,=-=2t:,,

from expression (3.34) we find k,, and values of t,, and k, - from

expression (3.33).

If forming line and transformer have identical delay per unit of

length, then necessary lengths of lines are assigned by

relationships/ratios

t 2 (3.35)

System examined, which consists of exponential forming line and
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transformer, makes it possible to obtain on termination pulse, very

close in form to rectangular, although resistance/resistor of load R,,

can considerably differ from wave impedance of forming line.

Diagrams of formation with uniform and non-uniforms circuit

examined it requires application of lines, whose sizes/dimensions

become large, if pulse duration is more than 5-10 ns.
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Thus, in the case of using coaxial cable in the diagram with the

discharge line its length is equal to 1 m for the duration of pulse 10

ns. Therefore they are of interest of the forming lines with the long

delay time per unit of length.

Ya. S. Itskhoki Ell has proposed special construction/design of

magnetodielectric line for impulse shaping of short duration. Line

has the sufficiently long delay time and the significant magnitude of

wave impedance. This is achieved/reached by loading during the

special construction/design of the cable, distinctive features of

which is the special method of introduction inside the cable of

magnetic dielectric.

Idea of construction/design of cable is illustrated by Fig. 3.20.

Central current-conducting rod (1) is surrounded by ferromagnetic

cylinder (2), which is assembled from the thin plates of ferromagnetic

material, isolated from each other by the insulating layers. )
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Ferromagnetic cylinder is surrounded by the concentric "dielectric

cylinder" (3), which fits closely by external surface to external

conducting cable sheathing (4).

In cable of described construction/design magnetic field is

concentrated, in essence, in ferromagnetic cylinder, and electric

field - in dielectric cylinder. Ferromagnetic cylinder does not block

the course of permittance current in the radial direction of cable,

but it blocks (due to the .presence of those insulating interlayer) the

course of conduction current lengthwise of cable. Due to this into

dozens of times it is possible to raise both the linear inductance of

cable and linear capacity/capacitance. Therefore it is possible to

construct this cable with the wave impedance into several hundred ohms

with the long delay time per unit of length (order of several ten

nanoseconds to the meter).
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Fig. 3.20. Diagrammatic representation of construction/design of

magnetodielectric forming line.
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Linear parameters of cable are determined by relationship/ratio

L= In___

C 2. 2 ]
14 6 d, c

Key: (1). uH. (2). pF.

where -- operating in the pulsed operation magnetic permeability of

ferromagnetic washers (by thickness );

e, and e, - with respect the dielectric constants of dielectric

cylinder and insulating layer of internal wiring of cable;

8- thickness of the insulating layer between the ferromagnetic

washers.

[1] Show experimental investigations that with the aid of this

magnetodielectric forming line it is possible to obtain to pulse by

duration several ten nanoseconds during relatively steep front and I
shear/section. For the formation of such pulses can be also used
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spiral coaxial cables of the delays, whose data are cited in Table

1.3.

3.4. PROPERTIES OF THYRATRON AS THE COMMUTATING ELEMENT OF THE

NETWORKS OF THE FORMATION OF NANOSECOND PULSES.

As commutating element in pulse-shaping circuits of nanosecond

duration thyratrons find wide application. The advantages of

thyratrons as commutators include their following properties:

- control capability of the moment/torque of commutation, also,

within certain limits of frequent commutation;

- low value of a voltage drop across commutator;

- the significant magnitude of the permissible discharge current

with the relatively low voltages/stresses;

- possibility of work in the sufficiently broad band of anode

voltages.

Page 165.

With impulse shaping of nanosecond duration to thyratron as

commutator are presented stringent requirements relative to speed of

response. Time the course of this time determine the form of front

and partially pulse apices. The stability of the moment/torque of

commutation and the frequency of commutation are other important

requirements.

Depending on character of processes of ionization and
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deionization in thyratron it to a certain degree can satisfy

requirements indicated. The considerable number of investigations is

devoted to the processes of deionization and ionization in the

thyratrons. To questions of deionization time was initially given

more than attention, since the process of deionization limits the

operating frequency of thyratron. The duration of the ionization of

thyratron was counted very small in comparison with the deionization

time and the pulse duration, and therefore they frequently disregarded

it.

Process of deionization depends on internal factors, such, as

character of gas filling, construction/design of electrodes of

thyratron, and from external - circuit diagrams of thyratron and mode

of its operation [48, 49, 50].

It is known that in period of deionization instantaneous value of

breakdown strength of thyratron depends on value of pulse of anode

current, grid bias and resistor/resistance passed through thyratron.

With a change in the value of anode voltage or duration of the

formed/shaped pulse the process of deionization in the time will

flow/occur somewhat differently.

Sometimes for evaluation/estimate of limiting frequency of

separate thyratrons they use relationship/ratio

Uein v const,

where U,, - anode voltage;
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- anode current of thyratron;

F - pulse repetition rate. The value of constant is different

for different thyratrons.
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With work of thyratron in oscillator circuit at the beginning of

ignition of thyratrons at different moments of time (from one pulse to

the next) state of the gas in it can differ somewhat, i.e., process of

deionization proceeds somewhat differently. This fact leads to a

change in the firing point of thyratron during the supplying to its

grid of identical and strictly stable in the time trigger pulse, i.e.,

causes the instability of commutation, what is an essential deficiency

in the thyratron.

Application of thyratron in pulse generators of nanosecond

duration led to need for more detailed study not only of process of

deionization, but also process of ionization, or stability of ignition

of thyratron. In the works, dedicated to the studies of deionization

and ionization of thyratrons, some authors expressed considerations

relative to the reasons, which cause ionization time [48, 49, 501.

They sometimes divide ionization time into two intervals. During

the first interval, called delay time, the anode current of thyratron

changes very slowly, for the time of the second interval, called the

time of commutation, anode current changes sharply. Duration of both

periods is connected with the special features of ionization and is
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different for different thyratrons.

Absence at present of sufficient theoretical data of those making

it possible to accurately determine time of commutation of thyratron,

is completed by experimental investigations of commutation properties

of thyratrons, which became possible with development of

high-speed/high-velocity oscillography.
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Fig. 3.21. Characteristic of ionization of thyratron (a); diagram of

its switching on/inclusion (b).
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For evaluation/estimate of commutation properties of thyratron

are examined its characteristics of ionization, which present

dependence of change in voltage on anode of thyratrons from time in

process of its ignition (Fig. 3.21a). The time of commutation can be

defined as interval of At, in which the anode voltage will fall from

value of E-ajAU I to E-bjAUj, where E - supply voltage (Fig. 3.21b);

AU - total variation in the anode voltage. Coefficients a and b are

usually taken as equal to with respect 0.1 and 0.9. Moment of time t,

characterizes the time lag of the ignition of thyratrons. For

obtaining the characteristic of ionization it is necessary to

remove/take the oscillogram of anode voltage U(t) (Fig. 3.21a) or

voltages/stresses U,,'t) on known resistive load R,, (Fig. 3.22),

connected in series with the thyratron, to which is given the

voltage/stress from the dc power supply with the zero

resistor/resistance. In this case a change in the voltage/stress on
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the load uniquely determines voltage/stress on the thyratron:

Ur (t) == E - U,,

the current through the thyratron

U (R,,

and, therefore, the resistor/resistance of thyratron as the function

of the time

R t)=M ,, I R..

.)
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Fig. 3.22. Circuit diagram of cathode-loaded thyratron for plotting

curve/characteristic of ionization.
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Voltage source with zero resistor/resistance is

capacitor/condenser C, whose value is selected so that time constant

of its discharge

,,= C (R. + R,.)

would be at least ten times more than duration of process being

investigated. Here R,0 - steady-state value of the internal

resistor/resistance of thyratron.

Value of resistor/resistance in circuit of anode R. is taken by

such that within period of trigger pulses capacitor/condenser C would

manage to virtually completely be loaded to supply voltage E. It is

possible to consider during this identification of the parameters of

diagram that during the process being investigated the potential of

the anode of thyratron remains constant.
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In diagram for plotting curves/characteristics of ionization

(Fig. 3.22) virtually excluded effect parasite ache plate capacitance

- earth/ground. Other parasitic circuit parameters must have low

value, such, that the time constant of the circuits, which are formed

due to the parasitic parameters, would be small in comparison with the

ionization time of thyratron. Fig. 3.23 gives the equivalent diagram,

which corresponds to diagram in Fig. 3.22 for plotting the

curves/characteristics of the ionization of thyratron taking into

account the possible parasitic parameters of real installation. In

the diagram are shown the self-capacitances of thyratron 6ioo (anode -

earth/ground), Ca, u (anode - cathode), C:o (cathode - earth/ground),

the wiring capacitance C ... C.. C-, and inductance of the anodic and

cathode introductions/inputs of thyratron La and L.
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C La

Fig. 3.23. Equivalent diagram of thyratron diagram for plotting

curve/characteristic of ionization (Fig. 3.22).
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As commutating element of pulse-shaping circuits of nanosecond

duration of small power had extensive application finger pulse

thyratron of type TGIl-31/1, and in pulse-shaping circuits of high

voltage are successfully utilized pulse hydrogen thyratron of type

TGI1-35/3, TGIl-50-5, of TGIJ-30/I0 and other more powerful/thicker

thyratrons [50, 51) 52].

Table 3.1 gives average/mean values of stray capacitances of some

thyratrons, and also value taking into account mounting of real

diagram (64, 65].

As show research on the schemes with thyratrons [51, 523

application of finger thyratron TGIl-3/1 makes it possible to carry

out diagram, whose parasitic parameters are so/such low, that they do

not affect work of diagram and characteristic of ionization can be

obtained without distortion by its external circuits.
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In order to have picture of ionization of thyratron with

different values of supply of power, characteristic of ionization it

is expedient to examine in the form of dependence U,,= u,(E, t). In fig.

3.24 are given the characteristics of the ionization of a finger pulse

thyratron of the type TGIl-3/1 with the screen grid, connected to

cathode [51].

Voltage/stress ufi(,) increases to its steady-state value for time

for time t. called total ionization time.

)
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Table 3.1.

_ _ TI 1 I 1 T 111-31/3I

Ca. 1,I(65 5,2 1,7 3,15 4,2 6,4 8,9 11,6
7,8 2.5 1,4 .'210

C.3 ] 5,2 3,1 6,2

Key: (1). Stray capacitances. (2). Tubes. (3). Tubes and

mounting.

So
^ - I0160

2 4 8 1 (2:t4

Fig. 3.24. Characteristics of ionization of finger thyratron

TGI1-3/1.

Key: (1). IN. (2). NSK.
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With the voltage error of the incandescence/filament of thyratron from

the nominal value the ionization time changes. An increase in the

filament voltage decreases the ionization time.

Ionization time of thyratron can be broken into two

gaps/intervals. The first gap/interval corresponds to the interval of
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time t,, during which occurs the rapid increase of voltage/stress

11,,0 according to the law, close to the linear. During gap/interval

t, in the oscillator circuits occurs, in essence, the formation of the

pulse edge. The first gap/interval subsequently will be called simply

ionization time.

Second gap/interval corresponds to interval of time t,-t,, when

voltage/stress u.(t(W increases slowly. This time interval affects

shaping of flat/plane pulse apex. -As can be seen from characteristics

(Fig. 3.24), ionization time decreases with an increase in

voltage/stress E. An increment in voltage/stress U' for time t,-t.

remains with the different values of voltage/stress E approximately

identical.

General view of characteristics of ionization for different

values of resistance/resistor of load R, is not changed, changes only

value of steady-state value of voltage/stress on thyratron uT and,

therefore, voltage/stress on load.

For high-voltage pulse hydrogen thyratron TGIl-35/3, TGIl-50/5,

TGIl-130/10 value of capacity/capacitance c,,,, shunting cathode load in

diagram in Fig. 3.22, is more than in finger thyratron, and time

constant of circuit of charge of this capacity/capacitance r1 =R,,C,,3 is

equal to 1-2 ns (when R,,=75 ohm), and ionization time of thyratrons of

approximately 11-14 ns. Thus, and for these thyratrons the effect of

stray capacitance also can be disregarded/neglected. It should be
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noted that to the filament circuit of powerful/thick thyratron it is

necessary to connect high-frequency choke, since cathode and heater of

thyratrons frequently have common point and cathode load can prove to

be the shunted capacity/capacitance of the filament wires (or with the

capacity/capacitance of the winding of filament transformer) relative

to the earth/ground.

Stray inductance of diagram L., determined by inductance of

introductions/inputs of high-voltage thyratrons, proves to be equal to

approximately 0.15-0.2 MH.
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Therefore in the equivalent diagram in Fig. 3.23 it is expedient to

leave inductance L., and 4K, been connected in series with the

resistance/resistor of load Rn and the resistor/resistance of

thyratron RTO. and stray capacitances in the first approximation, can

be disregarded/neglected. The time constant of circuit, which affects

the period of the establishment of process during plotting of the

curves/characteristics of the ionization of thyratron, thus, is

determined by expression r=L,./R, where R - the total resistance of

circuit, and L1, total inductance of the introductions/inputs of

thyratron.

Presence of parasitic parameters of thyratron, strictly speaking,

does not make it possible to obtain actual value of ionization time of

thyratron. Ir the case of the finger pulse thyratron TGII-3/1 the
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time constant of circuit, caused by the parasitic parameters of

thyratron, is considerably lower than the ionization time of gas in

the thyratron, and therefore the ionization time observed on the

oscillograph corresponds to actual value. However, in the case of

high-voltage pulse thyratrons it is necessary to consider stray

inductance L,,, and consequently, it is impossible to observe the

actual value of ionization time. This is explained by the fact that

during the ionization of thyratron as a result of the rapid

build-up/growth of current grows/rises the voltage/stress on the

inductance of introductions/inputs and, therefore, decreases

voltage/stress on the thyratron, which affects the rate of the process

of the ionization of gas in it.

However, experimental investigations of high-voltage thyratrons,

given in Table 3.1, showed that effect of this factor on period of

commutation of thyratrons is considerably less than integrating action

of circuit L,,R,,. by formed inductance of introductions/inputs and with

load resistance/resistor. Therefore in the first approximation, i.e.,

without taking into account the dependence of the ionization time of

thyratron on the stray inductance, the time of the establishment of

process (measured at level 0.1 and 0.9 from the steady-state value)

during plotting of the curve/characteristic of the ionization of

thyratron can be rated/estimated by the expression

y - , • (3.36)
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Knowing characteristic of ionization of thyratron, it is possible

to determine possible duration of pulse edge, formed/shaped in diagram

with thyratron as commutating element. Using diagram of formation

with discharge line examined above (Fig. 3.9) and by thyratron

commutator, it is possible to obtain on cathode load R. the pulse,

whose frontal part according to the form corresponds to the

characteristic of the ionization of the thyratron used in the diagram,

and the shear/section of pulse repeats correspondingly the form of

front (Fig. 3.25), if we do not consider an insignificant change of

shearing/sectioning the pulse in its foundation due to the current of

the deionization of thyratron.

With impulse shaping of nanosecond duration stringent

requirements on stability of moment/torque of onset of pulses are

imposed. In the generators, which use a thyratron as commutator, this

stability is determined by the stability of functioning thyratron.

Investigations of stability of ignition of thyratron [51, 52]

showed that periodic instability of ignition of thyratron or

"chattering" of starting/launching of oscillator circuit changes

within large limits, but in best cases it can be lowered to tenths of

nanosecond.

Should be distinguished two forms of factors, which affect

moment/torque of opening of thyratron, and also to stability of
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starting/launching of diagram - external and internal.

Internal factors depend on construction/design of thyratron, i.e.

on character of gas filling and construction/design and

arrangement/position of electrodes. For many low-power thyratrons the

absolute value of the temporary/time instability of that caused by

internal factors, has very low value in comparison with the ionization

time and therefore high value they acquire environmental factors.

Environmental factors include stability of supplies of power,

value of parameters of trigger pulse and their constancy in time. The

sources of the grid-bias voltage, anode voltage and filament voltage

of thyratron must be stable.

)
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t
Fig. 3.25. Shape of pulse, obtained in thyratron diagram.
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Special attention must be focused on high quality of voltage

regulation of bias/displacement. The selection of the value of this

voltage/stress also plays the significant role. Bias voltage must

provide the reliable closing of thyratron, but not be too great, since

the large amplitude of trigger pulses will be required and the delay

time of the starting/launching of thyratron can prove to be large.

Starting/launching of thyratron proves to be more stable, if it

occurs at that moment/torque, when frontal part of trigger pulse

operates on grid of thyratron. In this case the stability of

starting/launching is above with the large steepness of the front of

trigger pulse. As show investigations [51, 52), in the case of

applying the finger pulse thyratron TGIl-3/1 the trigger pulse must

have an amplitude of approximately 200 V, a duration of 2-3 gs for the

duration of front not more than 0.1 as. With such parameters of

stable trigger pulse and power supplies stabilized to a sufficient

degree the instability of the starting/launching of this thyratron

does not exceed the tenths of nanosecond, i.e., it proves to be order
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For stable starting/launching of high-voltage pulse hydrogen

thyratron amplitude of trigger pulses must be 300-400 V, and steepness

of their front - about 4 kV/As.

With ignition of thyratrons besides phenomenon of instability of

starting/launching it is necessary to consider time lag of

starting/launching, caused by time lag of firing point of thyratron

relative to moment of supplying trigger pulse. This time lag, which

depends on the character of the gas filling of thyratron and mode of

operation of diagram (value of anode voltage, amplitude and the

steepness of the front of trigger pulse, grid-bias voltage, etc.), has

a value of the order of the tenths of microsecond and can be or more

depending on mode and parameters of grid circuit.

Delay factor of starting/launching of diagrams with thyratrons,

which has important value in series/row of schematics of nanosecond

pulse technique, can smoothly be regulated. The adjustment of the

delay of starting/launching is realized by changing the value of bias

voltage on the grid of thyratron.
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However, this adjustment is possible only in the permissible limits,

when the stable starting/launching of hyratron still is provided.

Virtually this adjustment proves to be possible in the limits from
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50-80 to 600 ns for the finger thyratron and in the limits of 150-500

ns for the high-voltage thyratrons. The delay time of

starting/launching decreases with an increase in the steepness of the

front of trigger pulse (with the fixed/recorded grid-bias voltage).

Comparatively low permissible frequency of commutation is one of

deficiencies in thyratron as commutator. As noted, this frequency

depends on the duration of the process of the deionization of

thyratron, which determines recovery time of the controllability of

thyratron. Recovery time of the controllability of thyratron is the

less, is the greater the negative grid-bias voltage, the less the grid

leak and the less the duration of the formed/shaped pulse.

Furthermore, recovery time of thyratron depends also on the internal

factors, determined by type and gas pressure and by

construction/design of electrodes.

In pulse hydrogen thyratron TGIl-35/3, TGII-50/5, TGII-130/10

recovery time of controllability is 3-5 times less than in finger

thyratron TGII-3/l, and this makes it possible with high-voltage

hydrogen thyratron to obtain frequency of commutation to 30-40 kHz,

and with finger thyratron to 10 kHz.

Operating frequency of thyratron TGI1-3/1 can be increased by

effect on it of magnetic field [533. Placing the thyratron into the

permanent magnetic field of the necessary value, oriented

correspondingly relative to the electrodes of thyratron, it is
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possible to decrease the deionization time of thyratron by the effect

of this field to the processes in the plasma, which will lead to an

increase in the operating frequency.

3.5. PULSE-SHAPING CIRCUITS WITH THE THYRATRONS.

Simplest pulse-shaping circuits.

For impulse shaping of nanosecond duration are used diagrams with

thyratron commutators, in which as accumulator/storage of energy are

utilized sections/segments of coaxial cables or capacity/capacitance.
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The application of a capacity/capacitance instead of the cable is

expedient when the duration of the formed/shaped pulse is commensurate

with the ionization time of thyratron. -If it is necessary to form the

pulse, whose duration is commensurate with the ionization time of

thyratron, and it is not presented to its form of stringent

requirements, then the diagram, which completely coincides with the

diagram Fig. 3.22 can be used. In this case capacitance value of

capacitor/condenser C is selected from condition of its complete

discharge approximately for ionization time. During the capacitor

discharge on the cathode load the voltage pulse, in the form which

differs from the rectangular is formed (F4g. 3.26). With the decrease

of v:lue C the pulse duration is shortened, but in this case it

decreases and to amplitude. In this case the pulse duration can be

less than the ionization time. Knowing the characterist.c of the
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ionization of thyratron, it is possible to find the parameters of

pulse. In the interval of time 05t~t. (where t, - first interval of

ionization time) the set of characteristics of ionization it is

possible to approximate by the linearly increasing function

(E - U) lt, (3.37)

where k - coefficient, which characterizes the rate of the increase of

process;

U, - averaged value of voltage/stress U7.0 +U' (for the differ )t

values of voltage/stress E), and values Uo and U' are shown in fig.

3.24.

Values k and U. are determined from solution of system of

equations

U',, = ( E'-- U,) k',

O"., ( E "-- Ik".

Values Ut., ii",, t' E t ' and E" can be found from characteristics of

ionization graphically of [54].
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Fig. 3.26. Pulse, formed/shaped in thyratron diagram with small

storage capacity/capacitance.

)
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From equivalent diagram in Fig. 3.27, appropriate thyratron

diagram, it follows that voltage/stress on load R, can be recorded

thus:

u,,(t -=[u (1) -- Ulk, (3.38)

Voltage across capacitor u(t) can be determined through

capacity/capacitance of C and resistor/resistance of thyratron R,(t1,

which, however, depends on voltage/stress. Therefore equation proves

to be nonlinear and its numerical solution can be obtained, after

assigning the approximation of the characteristic of ionization. The

parameters of the formed/shaped pulses are determined usually

experimentally.

If we in diagram in question use finger thyratron TGIl-3/1 and to

fulfill mounting, without introducing essential parasitic parameters

(value of which does not exceed values, given in-fable 3.1), then it

is possible to form pulses by duration (at level 0.5 of amplitude) of

2.5-3 ns with amplitude 30-50 V.

Squaring circuit, where as accumulator/storage of energy serves

segment of cable (Fig. 3.28), i.e., diagram of type fig, is propagated

version of diagram with thyratron. 3.9. Generator, assembled

according to diagram in Fig. 3.28a, is fulfilled in the form of
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coaxial line, which provides agreement of forming cable with load and

it makes it possible to reduce to minimum parasitic circuit

parameters. In the places of the disruption of the center conductor

inside of it is placed the thyratron, moreover for the realization of

agreement R,+RcTO=P in the connection point of thyratron line is

fulfilled so as to ensure the jump of wave impedance to value RT, due

to the different diameter of center conductor. Here R. -

resistance/resistor of cathode load; Ro - the steady-state value of

the resistor/resistance of thyratron; p - wave impedance of the

forming line. For obtaining the pulse of negative polarity is

utilized the diagram in Fig. 3.28b.

)
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Fig. 3.27. Equivalent diagram, which corresponds to thyratron

diagram.
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For interval of time 05t52t,, where t, - delay time of forming

line, equivalent oscillator circuit without taking into account

parasitic parameters (which is easy to ensure with finger thyratron)

is represented in Fig. 3.28c. This diagram when R,,=R,,+P. proves to be

the completely identical equivalent to diagram installation, with the

aid of which is plotted the characteristic of ionization (Fig. 3.22).

Therefore it is possible to assert that for time 0StS2t, pulse,

created on the load, repeats the characteristic of ionization for this

value of supply voltage E, but on other scale:

R
U al,, ( p +-'-

Without taking into account small effect of current of

deionization, noticeable after discharge of line, shear/section of

pulse must be on form the same as front (Fig. 3.25).
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Duration of formed/shaped pulse in its foundation exceeds doubled

delay time of line 2t, to ionization time of thyratron. The shape of

pulse is close to the rectangular, if the doubled delay time of line

noticeably exceeds ionization time.

I
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a) 6a

C)

Fig. 3.28. Thyratron pulse-shaping circuits: a) diagram of formation

of positive pulse; b) diagram of formation of negative pulse; c)

equivalent diagram.
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Pulse apex, however, has in the beginning smoothly increasing section,

caused by the presence of the interval of the slowly increasing

voltage/stress of the characteristic of ionization. The effect of

this section is especially noticeable with low supply voltages.

Depending on length of line in diagram, which works on thyratron

TGI1-3/1, are formed/shaped pulses with amplitude of up to 500 V and

duration of from 15 ns and more for duration of front of approximately

6 ns.

If length of segment of forming cable is such, that doubled time
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of its delay of the same order as as ionization time, then obtained

pulse noticeably differs in form from rectangular, approaching pulse,

obtained during capacitor discharge in diagram in Fig. 3.22, whose

oscillogram is given in Fig. 3.26.

In diagrams described parasitic parameters here were not

considered. However, with the formation of the powerful pulses of

nanosecond duration in the diagrams with the high-voltage thyratrons,

which have relatively larger overall dimensions, the presence of the

parasitic parameters is possible. In the preceding/previous paragraph

it is indicated, that in such thyratrons it is necessary first of all

to consider the inductance of introductions/inputs.

Diagram with forming cable and load in cathode of thyratron (Fig.

3.28a) can be replaced with equivalent diagram, where inductance of

introductions/inputs and stray inductance of mounting are taken into

consideration (Fig. 3.29). The resulting duration of the edge of the

formed/shaped pulse, thus, is determined by the ionization time of

thyratron and by the parasitic parameters of circuit.

Duration of front can be approximately rated/estimated on the

basis (3.36) by expression

14 + ' (2.2L,,/R)2'

where R R.. + +p.

')

-I -m em ~e w m
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Fig. 3.29. Equivalent diagram, which corresponds to thyratron diagram

taking into account stray inductances.
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Account only of inductance of introductions/inputs of thyratron

introduces insignificant correction in duration of edge of pulse

(5-10). During the insufficiently good mounting of the real diagram,

when total stray inductance reaches 0.5 uH and more, this correction

becomes essential.

During use in diagram of high-voltage pulse thyratrons, indicated

in'thble 3.1, it is possible to form pulses, duration of front of

which 11-14 ns.

Diagrams, noncritical k to the value of load.

Pulse-shaping circuits with discharge line (of type of that given

in Fig. 3.9) work under matching condition of line characteristic with

load resistance/resistor. Since the sections/segments of coaxial

cables, which have small set of the ratings of wave impedance (50, 75,

100 150 ohms), usually are utilized as the forming line, then the

value of the load resistance/resistors is limited. Therefore far from
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always it is possible to coordinate load with the cable, furthermore

diagram cannot successfully work on the nonlinear load.

Advantage considerable in this respect possesses pulse-shaping

circuit of nanosecond duration, in which is utilized discharge line,

loaded from one end/lead and locked to matched impedance from another.

The principle of the operation of this diagram (Fig. 3.13) is

described into S 3.2.

Diagrams of such type with thyratrons as commutating elements are

given in Fig. 3.30 [44]. In the diagram with two thyratrons (Fig.

3.30a) is possible continuously variable control of the pulse duration

by changing the delay time of the starting/launching of one thyratron

relative to the moment/torque of the starting/launching of another

It,=t,2-t. For obtaining the pulse duration, equal to the doubled delay

of cable, it is necessary that the forming thyratron L, would

operate/actuate earlier than matching L, to the period, equal to the

delay of cable (t3-t,.i).
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If thyratrons operate/actuate simultaneously, i.e., t.,=o, Then

pulse duration will be equal to delay of cable t,,-t3 If the matching

thyratron operates/actuates earlier than forming to the period, equal
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to the delay of cable, then it will not be on the load of pulse, since

the wave of voltage/stress from the end/lead of the cable reflected,

to which is connected the forming thyratron (Fig. 3.14), will have

time to go away.

Thus, it is possible to say that pulse duration is linear

function of delay factor of starting/launching of one thyratron

relative to another

Minimum pulse duration without reduction of its amplitude is

determined by expression

' 411H L~J

where t,1, and ic - duration of front and shear/section of pulse,

determined, in essence, by ionization time of thyratron. In this case

the pulse has a form, close to the triangular.

If they take place of inequality j,>t, and R,.,p, then duration of

formed/shaped pulse will be more than time of dual delay of forming

cable as a result of possibility of multiple reflection of waves of

voltage/stress from ends/leads of cable (one of which proves to be

extended). The shape of pulse is shown in Fig. 3.31.
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Fig. 3.30. Thyratron diagrams, noncritical to value of load: a )

with two thyratrons; b) with one thyratron.
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The form of pulse apex proves to be stepped. The duration of each

step (except the latter) - constant value is equal to the doubled

delay of cable 2t,. The duration of latter/last step can be less than

2t,, since it changes with change t.

During external starting/launching of generators delay time of

their starting/launching is of interest. In this diagram it proves to

be possible to realize an adjustment of the delay of

starting/launching for the constant/invariable duration of the

formed/shaped pulse. The delay of starting/launching is determined by

triggering time of the thyratron of formation L, and does not depend

on triggering time of the second thyratron.

Pulse duration depends on triggering time of both thyratrons, )

since t,'='--t,. Consequently, to smoothly change pulse delay without a
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change in its duration is possible when time difference of functioning

r remains constant value, i.e., with change t, on ±At, t2 must change

to the same value ±At. This is possible, if within the limits of the

necessary delay of the forming line t, the front of trigger pulse will

be linear. Then a change in the delay of the formed/shaped pulse can

be obtained with the aid of a change in the bias voltage on grids of

both thyratrons simultaneously.

Actually, if front of trigger pulse is linear and has

slope/transconductance S,,. then moment/torque of triggering/opening of

first thyratron t, corresponds to voltage/stress of trigger pulse 1/.

i.e.

1I -. ,,

Respectively moment/torque of starting/launching of second

thyratron

S 11,,
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Fig. 3.31. Shape of pulse of considerable duration.
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Since in limits of linear sector of the front of trigger pulse

S.=const, then range of adjustment of moment/torque of

starting/launching of thyratrons is equal to

Un, - U,

For obtaining pulse by duration, equal to /,,= O 21,, it is

necessary to have linear sector of the front with duration I2n. In

this case range of adjustment of the delay of the formed/shaped pulse

will be equal to

Designating, / ,, 1 .

UI -

we obtain t.=t, -h..

)
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This is correct, if duration of formed/shaped pulse t

With

adjustment of delay of formed/shaped pulse without change in its

duration is impossible. In this case it is necessary to increase the

duration of the front of trigger pulse and its amplitude.

It is necessary to consider that

U.,- Uri mm, - EcM il,

where U,,.u - minimum starting voltage with steepness of front of

trigger pulse S,;

- smallest allowable voltage of bias/displacement on grid

of thyratron.

For obtaining pulse by duration, equal to t,.= 2tn, -it is

necessary to have linear sector of the front of trigger pulse with

duration

St, (ii I).
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General formula for determining range of adjustment of delay of

formed/shaped pulse will be
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Exception/elimination is case, when both thyratrons operate/wear

simultaneously, i.e., t,=o and tu=la. For this case the requirement for

the linearity of the front of trigger pulse becomes meaningless and

range of adjustment of the delay

t. f - --

where to, - rise time of trigger pulse to the firing point of the

thyratron of formation (L,).

Range of adjustment of grid-bias voltage will be

EC%,2- Ulf hf,,f -- Ulf'.

Adjustment of delay of formed/shaped pulse can be realized by

adjustment of conjugated/combined potentiometers, circuitals of

bias/displacement of thyratrons.

In the case of impulse shaping with duration up to 2t,, its

amplitude is equal to

U=E R c+

With formation of long pulse, when t,,>2t, and at pulse apex

appears n of steps, amplitude of shear/section of pulse is equal to

U. F , +

Amm
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where

R,, + R, + p

With high resistance/resistors of load R. (R.,p) difference in

amplitudes of adjacent steps is very small and actually is observed

smooth decay in apex/vertex, which is determined by relationship/ratio

, -- UU
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Value t characterizes form of pulse apex, it is possible to use

it during calculations, determining number of steps, maximum pulse

duration and value ti,.

Thus, this diagram (Fig. 3.30a) makes it possible to form/shape

square pulses with duration up to 1,,z21, with value of load, which is

changed within large limits (from R,,1 p to hundred of kilohms), and

with constant quantity of matched impedance R,.

If load large, R,> 10o kilohms, and time difference of

starting/launching of thyratrons exceeds 2t3, then it is possible to

form/shape pulses with duration to 1-2 ms. This gives the large

universality to diagram, which can be utilized both in the nanosecond

range and for the impulse shaping of the beginning of microsecond

range. However, its main advantage is noncriticality to the value of
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resistive load and, therefore, the possibility of its application in

the devices/equipment'with the nonlinear and changing in the time

load.

Diagram in Fig. 3.30b, assembled on one thyratron, possesses the

same properties, but it does not permit implemention of continuously

variable control of pulse duration, which is equal to delay time of

cable.

Fig. 3.32 gives oscillator circuit of pulses of nanosecond

duration, assembled according to diagram in Fig. 3.30a, with

cascades/stages of starting/launching. The trigger circuit of

generator consists of the assigning blocking oscillator (L,,),

amplifier (L,) and cathode followers (L,., and L..). Blocking

oscillator works both in the mode of auto-oscillations and in the mode

of synchronization by the external trigger pulses, which enter through

the phase inverter in the amplifier of starting/launching (half of

tube L,.,).

Pulse forming unit consists of cascade/stage of formation (L,)

and cascade/stage of agreement (L.), assembled on finger thyratrons

TGII-3/1. The first them them is intended for the impulse shaping on

the load, connected to the discharge circuit of thyratron, the second

- for obtaining shearing/sectioning of pulse and change in its

duration.

i)
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Pulse, generated by blocking oscillator, has duration of 3 ys

with amplitude of 150 V.
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en77C A -A, 1/2 6N617 A

0 - I - 1/1

--po fl ,r 1.1'a

0,02# -f"--7I13

211 0 00 Z0R 75

Fig. 3.32. Simplified circuit of thyratron generator, noncritical to

value of load.

Key: (1). kV. (2). Start ing/launching. (3). in. (4). Pulse

duration. (5). Extension cap. (6). output. (7). output of

synchronizing pulse. (8). Pulse delay.
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It is removed/taken from the third winding of the transformer of

blocking oscillator and enters the input of amplifier. The pulse with

an amplitude of 300 V is removed/taken from the output of amplifier

and it is supplied simultaneously to the grids of the cathode

followers, assembled on two halves of tube 6N6P (L,.1 and L,,) and to

the cathode follower (L,). The first two cathode followers serve for

the starting/launching of the thyratrons of shaping unit, and the

S nMsu n

P61
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latter (L.) is the output stage of pulse for the synchronization of

the external diagrams, when blocking oscillator works in the auto-

oscillating mode.

For obtaining pulses of different duration on cascade/stage of

agreement pulse with delay t, relative to admission on cascade/stage

of formation comes. Delay factor is regulated by changing the load of

cathode follower (L3 .1). Ranges of adjustment of delay from 15 to 100

ns. Maximum pulse repetition rate 10 kHz. With the formation of

square pulses with the strictly flat/plane apex/vertex the load of the

thyratron of the forming cascade/stage, i.e., termination of generator

can vary within the range of 75 ohms to 100 kilohms. With the very

large load (from 100 kilohms to 1 MO) it is possible to form/shape

long pulses with a small decay in the apex/vertex.

With impulse shaping in the range 15-100 ns, pulse amplitude

grows/rises with increase in load from 450 V when R,=75 ohm to 900 V

with R,=750 kilohms. Smooth of a change in the pulse amplitude

relative to its maximum value can be obtained by a change in the value

of the anode voltage of the feed of thyratron.

As forming line is used segment of cable RK-100-7-13 with length

of 10 m. With the impulse shaping of positive polarity, the load is

switched on in the cathode circuit of thyratron L., and in the case of

negative polarity - between the external braid/cover of cable and the

earth/ground. In the second case the pulse current of the discharge
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can pass not through the load, but on the braid/cover from the

opposite end/lead of the cable. To avoid this cable it is coagulated

into the bay, and then its braid/cover forms the inductance coil,

which presents high resistor/resistance for the current pulse.

Switched on thyratron (L.) semiconductor diodes in parallel serve

for correction of shear/section of output pulse with high load

resistance/resistors.

Page 187.

Diodes make it possible to rapidly carry out a discharge of stray

capacitance in the cathode circuit of thyratron, which noticeably is

charged with the large load (shunting this capacity/capacitance) for

the pulse action time.

For convenience in supply of output pulse into any diagram being

investigated forming thyratron L, is installed into extension cap.

Extension cap is connected with basic part of the generator by the

hose, which supplies the forming cable, wire of the grid of thyratron

and wire of incandescence/filament.

Described generator, which is characterized by noncriticality to

value of load, is used as signal generator. With the aid of similar

generator it is possible to produce testing the impulse circuits,

whose input resistances have values from tens of ohms to hundreds of

kilohms.

-i
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Version of diagram without continuously variable control of

duration of output pulses (with one thyratron) finds use as modulator

of shf/SVCh generators, which are time-varying load (in process of

modulation, for example, of magnetrons and other shf/SVCh

instruments). This diagram is utilized just as the generator of an

initial drop/jump in the voltage/stress or current (especially if

diagram on the powerful/thick thyratrons), necessary for the impulse

shaping in the nonlinear lines (Ohapter 4), where it is difficult to

coordinate the input resistance of nonlinear line with the

resistor/resistance of generator.

Pulse-shaping circuits of high voltage.

If it is necessary to form nanosecond pulses of high voltage,

then it is necessary to utilize high-voltage thyratrons. However, how

for more high voltage is designed thyratron, than more the time of its

ionization. Therefore in the presence of the thyratrons, which have

good commutation properties, but designed for the work with

insufficiently high voltage, can be used the diagrams, in which the

commutating element are two series-connected thyratrons (Fig. 3.33)

[3].
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The series connection of thyratrons makes it possible to utilize power

supplies with the voltage/stress, two times which exceeds working the
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anode voltage of one thyratron.

In this diagram trigger pulse is supplied through transformer to

grids of thyratrons. It is possible to obtain three operating modes

by the adjustment of bias voltage in the circuit of the grid of

thyratrons: first operates/wears the first thyratron, both thyratrons

operate/wear it simultaneously and anticipates/leads the second

thyratron. During the starting/launching of the first thyratron L, at

the output of diagram together with the main impulse can be observed

the supplementary pulse, which anticipates/leads basis. The onset of

supplementary pulse is connected with the discharge of stray

capacitances in the circuit of the anode of thyratron L,.

)
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Fig. 3.33. Pulse-shaping circuit of high voltage with two thyratrons.

Key: (1). kV. (2). output of synchronizing pulse. (3). output of

main impulses.
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The mode of the coincidence of the ignition of thyratrons makes it

possible to obtain the pulse of the same form, as in the case of

diagram with one thyratron, but with the doubled amplitude. True, in

this case it is necessary to ensure the rigid synchronization of

ignition of both thyratrons, what is sufficiently difficult problem

and requires the high stability of the supplies of power and large

steepness of the front of trigger pulse with a sufficient stability of

its parameters. The mode of operation of the diagram, when first

ignites thyratron L,, makes it possible to obtain the edge of the

-- - - a N Q~_____a jn -- -- -
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pulse of noticeably smaller duration, than in the diagram with one

thyratron. This occurs because the ionization of thyratron L, occurs

with the increased voltage/stress not its anode, since upper half of

the voltage divider proves to be that shunted by thyratron L,, which

conduct current.

Structurally generators are fulfilled in the form of coaxial

system, which is special container with thyratrons and built in

coaxial cables (Fig. 3.33).

Frequently together with main impulse it is necessary to have

another pulse, displaced in time relative to the first, at separate

output. In such cases at the output of generator the splitters of

pulses, which represent the dividers with several outputs (Fig. 3.33),

matched with the forming line are used. for displacing the pulses in

the time at the output the segments of the cables of different length

are used.

However, other recently appearing methods of impulse shaping of

high voltage with very short duration of front, make it possible to

use one high-voltage thyratron and nonlinear forming distributed

circuits (see Chapter 4).

3.6. CORRECTION OF THE SHAPE OF PULSE.

Characteristic deficiency in shape of pulse, obtained in diagram
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with discharge line and thyratron, is smoothly increasing section in

the beginning of pulse apex (Fig. 3.25), caused by

retarding/deceleration of change in conductivity of thyratron up to

moment/torque of total ionization of gas, and also slow decay in

apex/vertex at the end of pulse.
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The presence of such sections more noticeably expressed in the pulses,

formed/shaped in the diagrams with the high-voltage thyratrons. So

that the shape of pulse would be more rectangular, it is possible to

use the methods of correction.

Correction of apex/vertex at its beginning, and also partial

decrease of duration of pulse edge it is possible to achieve by

inclusion of supplementary anodic capacity/capacitance Ca in parallel

to forming line (Fig. 3.34a). The current through the thyratron with

shaping of the initial section of pulse apex grows/rises due to the

discharge of this capacity/capacitance. As a result to a considerable

degree the form of flat/plane pulse apex is improved and the steepness

of front in the upper part of the pulse (Fig. 3.35) somewhat is raised

[3, 51]. With excessive capacitance value C, is observed

overcorrection, which is evinced by the appearance of an overshoot in

the beginning of apex/vertex.
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Fig. 3.34. Thyratron diagrams with corrective capacitors, capacitors,

switched on: a) in parallel to cable; b) in parallel to thyratron.

Car

t

Fig. 3.35. Shape of pulse with different value of corrective

capacity/capacitance (c.'%>c'.,.
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For finger thyratron TGIl-3/1 capacity/capacitance C,,,,=13-+-2 pF,

while for high-voltage thyratrons C.,=35 5U pF. The application of

the corrective capacity/capacitance makes it possible in the case of

finger thyratron to decrease the duration of front on 1 ns, and in the

case of high-voltage thyratrons - on 2 ns.

Application of corrective capacity/capacitance C, in diagram in

Fig. 3.28a makes it possible also to a considerable degree to

weaken/attenuate integrating effect of shunt capacitance Cu. which )
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sometimes proves to be to shunt resistance to loadings R,. The

discharge of the corrective capacity/capacitance creates the

conditions of the more rapid charge of shunt capacitance, the

steepness of the pulse edge increases in consequence of which and the

nonuniformity of its apex/vertex decreases.

Presence of capacity/capacitance, which shunts load, and also

application for correction of capacity/capacitance, switched on in

parallel to forming cable, leads, however, to increase in time of

shear/section of pulse. This is caused by the process of the

discharge of the indicated capacities/capacitances through the load

after time t=2t,.

Time constant of discharge of capacity/capacitance C, is

determined by internal resistor/resistance of open thyratron R-o and

by resistance/resistor of load ,, it is equal to

. C (R,o + R,,).

Occurring due to discharge of this capacity/capacitance increase

in pulse duration, measured at level 0.5 of amplitude, will be equally

",--O,35 ERC,

where u,, - amplitude of formed/shaped pulse.

Increase in pulse duration, caused by discharge of

capacity/capacitance C.
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t. - 0,7CR,,.

Method of correction with the aid of capacity/capacitance C.-

connected in parallel to thyratron, does not have this deficiency

(Fig. 3.34b). The current of discharge C, contributes to the more

rapid process of the ionization of gas in its final phase.
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If the value of this capacity/capacitance is not very great and it

manages rapidly to be discharged at the moment of the complete

triggering/opening of thyratron, then its presence does not cause an

increase in the duration of the pulse edge, but slows down the

displacement of operating point from the characteristic of ionization,

which corresponds to voltage/stress U-B, to the characteristic, which

corresponds to U=-?- (Fig. 3.36). Curves 1 and 2 characterize a

change in the voltage on the load of generator taking into account the

decrease of voltage/stress in the forming line with E of up to E/2 and

can be named the dynamic characteristics: curve 1 in the presence of

capacity/capacitance CT,,, and curve 2 when C,-0.

Capacity/capacitance C,, corrects form of dynamic characteristic

in its upper part, which leads to correction of apex/vertex and pulse

edge on load R,, 'The discharge current of this capacity/capacitance

does not pass through the load resistance/resistor, and therefore the

duration of the shear/section of pulse does not grow/rise and is equal

to the duration of front. Optimum capacitance value C, for the finger )
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thyratron of approximately 20 pF and for the high-voltage thyratrons

of approximately 30 pF.

However, connection of capacitor C, to high-voltage thyratrons

can cause appearance of stray inductance due to jumpers, since

distance between anodic and cathode outputs in series/row of

thyratrons is not very small.
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Fig. 3.36. Dynamic characteristics of ionization of thyratron: 1 -

in presence of capacity/capacitance with c.0.-lT 2 - when Ca=,o

Page 193.

As noted earlier, presence in diagram of capacity/capacitance

C,,, which shunts cathode load, and also application of corrective

capacity/capacitance (:,, increase in duration of shear/section of

pulse is caused. For decreasing the duration of shear/section it is

possible to use the special circuits of correction [3, 52].

Fig. 3.37 gives diagram, which corrects simultaneously as

shear/section of pulse, so to a certain extent and its apex/vertex.

Capacitor C.; with a capacity/capacitance of hundreds of picofarads,

connected consecutively/serially with the load resistance/resistor,

transmits the pulse edge without the distortions. The capacitor

partially is charged for the pulse action time and voltage/stress on

the resistance/resistor of load R,, during the formation of the

shear/section of pulse will be determined by value U.,,-U,, which leads

to the decrease of the duration of shear/section.

Resistors/resistances R, and R,, serve for the capacitor discharge
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after the termination of pulse.

Circuit of correction must not introduce disagreement/mismatch

into forming line with load. The time constant of equalizer must be

such that to ensure the undistorted transmission of the pulse edge and

to at the same time ensure charge of capacitor C, to voltage/stress

AU-,, (Fig. 3.38), a sufficient for the correction shear/section of

pulse.

Matching condition of forming line is given by expression

R±,, (3.39)
p R I + R TO+ R I,+; ,"( . 9
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Fig. 3.37. Corrector of shear/section of pulse (a) and its equivalent

diagram (b).

)
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Time constant of capacitor charging circuit c, under effect of

pulse edge must satisfy condition
-RC, 5 ,.(3.40)

Time constant of capacitor charging circuit tor pulse action time

must be

3 RC t,,
In _ ..... r (3.41)

where umoo -hll.AjM

Value of resistor/resistance of R, is selected from condition of
AUM.K.CR R, (R,, + R,,)

permissible decay in apex/vertex: U...- -- R-- R, R, R.,, + RR, (3.42)
+ RH + R.

Capacitance of capacitor C., is determined from conditions (3.40)

and (3.41), which can be recorded in the form

In UiAm . -

where .. ,,_minimum pulse duration.
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Fig. 3.38. Oscillogram of pulse, obtained in diagram with correction.
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With realization of correction of shape of pulses with the aid of

diagram in Fig. 3.37 it is possible to decrease duration of front and

shear/section of pulse on 1-1.5 ns with retention/maintaining of

flat/plane pulse apex.

Application of circuits of correction is expedient in diagrams

with thyratrons, when forming cascade/stage, which is located on

output of device/equipment, is besic. In these cases there is a

possibility to consider the special features of load, on which works

the pulse generator. When the forming cascade/stage on the thyratron

is not output, but it is utilized as the generator of current taper or

voltage/stress, which enters others the those forming value, then,

naturally, to complicate diagrams by network elements of correction

does not have a sense. For example, this position place during the

use of the nonlinear forming circuits or lines has (chapter 4 and 8).

)3.7. PULSE-SHAPING CIRCUITS WITH RELAYS.
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In pulse-shaping circuits with thyratrons it is possible to

obtain pulses, duration of front of which lies/rests within limits of

5-15 ns, which depends on type of thyratron. The ionization time of

thyratron sets limitation on the rate of the commutation of thyratron.

Application instead of the thyratron of electron tube (corresponding

power) makes it possible to obtain the pulses, the duration of front

of which the order of the units of nanoseconds. If necessary for the

impulse shaping of a small power for the duration of front for less

than the nanosecond it is possible to use a commutator of another

type. The electromechanical relay of special construction/design is

such commutator.

Commutation properties of relay.

Electromechanical relay has very short time of commutation and

insignificant and sufficiently fixed resistor of contact. It finds

use as the commutating element in the pulse-shaping circuits of

nanosecond duration.
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In diagrams of formation it is possible to utilize usual

electromagnetic relays, which are used in automation and equipment of

communication (open type polarized relays and vacuum) [55]. However,

for the diagrams of nanosecond range special relays are developed [56,

57].
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Time of commutation of relay is considerably less than in

thyratrons. Relay realizes a commutation via the periodic contact of

armature and fixed contact. The motions of armature occur under the

action of the alternating magnetic field, created by coil current,

connected with the power supply by relay (usually with the voltage

generator of low frequency). Therefore the stable work of

electromechanical relay is defined by both the construction/design of

mechanical system and by special features of electrical circuit. Some

relays stably work in the very limited frequency region, others - in

the wider region. The operating frequency of relay is caused by the

resonance frequency of its mechanical oscillatory system.

Resistor/resistance of commutation and constancy of its value are

caused by construction/design of contacts of relay. The strength of

current, switched in the contacts of relay, in the majority of the

cases is considerably lower than the current strength in the thyratron

of average/mean or even small power.

Rate of commutation of relay is determined by construction/design

of movable system of relay and by special features of contacr-s

themselves. However, for the time of commutation they can noticeable

effect exert the parasitic parameters of the circuit, formed by

conclusions from the contacts. In the usual electromagnetic relays,

not designed specially for the work in the diagrams of the formation

of nanosecond pulses, stray inductance and capacity/capacitance is
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very noticeable. During the application of such relays the certain

possible change in the mounting of relay.
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Fig. 3.39. Diagrammatic representation of construction/design of

relay for coaxial system.
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For eliminating parasitic parameters of mounting relays,

specially designed for diagrams of formation of nanosecond pulses [40]

against those fitted out for mounting in coaxial system are used (Fir..

3.39). This relay is fulfilled in the form of the copper cylinder,

which serves as the external conductor of coaxial system, within which

is fastened to the insulators the internal conductor (from the elastic

material, covered with silver), that consists of two parts - with

motionless and movable. Both parts of the internal conductor have the

platinum contacts, designed for the transmission of the current of the

significant magnitude. Slide contact is set in motion and completes

oscillations/vibrations at its resonance frequency, equal to 100-150

Hz, under the action of the magnetic field of the coil,

arranged/located on the external conductor of relay.

Sizes/dimensions of external and internal conductors are selected

so that wave impedance of system of relay corresponds to wave

impedance of forming cable, which is connected up to one end/lead of
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relay, and also cable of output, which is connected up to another

end/lead of relay.

Some constructions/designs of relay have essential deficiency,

which is expressed in the fact that at moment of closing of contacts

their repeated contacts appear ("chattering"). As a result the shape

of the obtained pulse sharply is distorted. Since in the relays,

which have mechanical solid contacts, such repeated contacts of

contacts during their closing/shorting are very probable, then for

eliminating this essential deficiency are proposed relay with the

hydrophilic contacts. In such relays the commutation is realized via

the contact of two hydrophilic contacts or one solid nonwettable

contact with liquid conducting medium, as which is utilized mercury

[56, 57].
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Fig. 3.40. Diagrammatic representation of construction/design of

relay with hydrophilic contacts.

Key: (1). Contacts. (2). armature. (3). Capsule. (4). Housing.

(5). Mercury.
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Relays with contacts moistened by mercury, found use in

series/row of generators of nanosecond pulses, is represented in Fig.

3.40 [56]. In glass bulb, whose lower part is filled with mercury,

are installed contacts. One contact in the form of the long springy

armature, made from the ferromagnetic material, has capillaries, using

which rises mercury. The second contact is motionless and made in the

form of the platinum ball/sphere, attached to the small pole piece,

sealed in in the upper part of the flask/bulb.

Proceeding to junction mercury wets both contacts and during

closing/shorting reliable compound is formed. Armature touches the

contact at the point, close to the center of system, which limits the

force of the jerk/impulse, which throws/rejects armature to this value
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of the amplitude, whose value is insufficient for the

disturbance/breakdown of the mercury bridge, which is formed during

the closing of contacts. Thus, completely is removed bouncing of

contacts during closing/shorting of relay.

For increasing reliability of work of relay space within

flask/bulb is filled with hydrogen under pressure in 10 atm. Relay is

included in oscillator circuit as the part of the coaxial system.

In generator with such relay it is possible to obtain pulses with

amplitude of up to 50 V for duration of front 0.2 ns. Further

increase in the pulse amplitude can lead to the disruption of the work

of relay as a result of possible evaporation of mercury in the place

of contact.

Fig. 3.41 gives construction/design of relay with one rigid [57].

In glass bulb I is an armature 2 in the form of the jarring steel

plate. Flat/plane platinum contact 3 is fastened/strengthened to the

free end/lead of the plate. In the lower part the flask/bulb has a

contraction. It together with glass small tube 4, mixed at the

end/lead of the lower molybdenum conclusion/output, forms capillary.

As a result of this mercury, which fills the lower part of the

flask/bulb, is held in the capillary on the same level and

counterbalances mercury column in the central tube.
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Fig. 3.41. Flask/bulb of relay with one solid contact and mercury

drop.
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At the end/lead of this tube mercury forms convex meniscus 5, which is

the second contact of relay. With the vibration of armature platinum

contact each period, concerning the drop of mercury, cuts its and,

thus, is realized commutation without the supplementary contacts of

contacts. The drop of mercury then is restored due to mercury, which

enters from the tube. The space of intra-flask/intra-bulb is filled

with hydrogen under the pressure approximately 10 atm. In the upper

and lower parts of the flask/bulb are conclusions, connected in

accordance with armature and mercury. Flask/bulb is placed into the

copper cylinder, on which is arranged/located the coil of relay. For

the preliminary magnetic biasing of armature outside the coii

permanent magnet is placed.

Relay of such type is used in series pulse generator of
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nanosecond duration G5-12. The formed/shaped pulses have a duration

of front of approximately 0.4 ns and an amplitude, adjusted in the

limits from 10 mV to 100 V. The pulse repetition frequency is

determined by the resonance frequency of the oscillations of armature

and is equal to 200 Hz.

For formation in diagram with relay of pulses with duration of

less than nanosecond it is necessary to have relay with time of

commutation of less than 10-10 s, and also to considerably decrease

length of forming line. L. N. Tyul'nikov [58] proposed the

generator, which contains the electromechanical relay, in which the

element, which accumulates energy, simultaneously fulfills Paul

interrupter. Schematically the construction/design of generator is

depicted in Fig. 3.42.
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Fig. 3.42. Diagrammatic representation of device/equipment of

generator with relay, which have movable section/segment of center

conductor of coaxial line.
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Here coaxial line contains central conductor 1, which is cut in two

places. Middle section/segment freely is moved in axial direction,

alternately oscillating by the ends/faces of left and right of the

attached sections/segments of center conductor. Left section is

connected through resistor 2 to the dc power supply, right to matched

load 3.

In process of moving middle section/segment along axis of coaxial

line with its contact of left section/segment charge of line occurs,

and discharge of line for matched load is realized with contact of

right section/segment of conductor. The motion of middle

section/segment occurs due to the energy of the alternating magnetic

field of coils 4 and 5, arranged/located out of the coaxial line.

Generator, thus, is carried out as single coaxial line.



3.3I
DOC - 88076712 PAGE "

Dielectric 7 is placed between the center conductor and external

conductor 6. The gap between the center conductor and the internal

cylindrical surface of dielectric is led to the tenths of millimeter,

which comprises less than 1% of the diameter of external surface.

Therefore a change in the line characteristic due to the gap is less

than 1%. The reciprocating motions of the section/segment of center

conductor without the axial bias/displacement do not introduce

noticeable heterogeneity into the line.

Generator can work stably even during repeated collision of

contacts in process of their closing/shorting. This is admissible,

since charging circuit is extended during the discharge of coaxial

line for the load, and the discharge time of line, which determines

the pulse duration, is considerably less than the time of the first

contact of the sections/segments of center conductor.

Possibility of shortening duration of formed/shaped pulse up to

limit, which is generally feasible in generators with relay, is one of

fundamental advantages of this generator. Thus, at the length of the

middle section/segment of center conductor, by wound 1 cm, the pulse

duration is close to 0.08 ns. With the considerable decrease of the

length of the movable section/segment it is already necessary to

consider of it as the lumped element of diagram.

Limiting case of impulse shaping of very short duration will be

during discharge of ball/sphere, into which degenerates movable
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section/segment of center conductor with decrease of its length.
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Its ability to work in frequency band relatively wide for usual

relays is special feature of generator with movable section/segment of

center conductor. The middle section/segment of center conductor is

analogous to the loose beam/gully, which can freely be moved in the

axial direction. This beam/gully under the influence of periodic

force can complete motions out of the resonance of system up to the

natural vibration frequencies of rod. Upper working oscillator

frequency, however, can be limited due to finite time of the magnetic

reversal of the ends/leads of the rod upon the replacement of the

direction of the manager of the magnetic field of coils. In this case

essential is the material, from which is prepared the center

conductor, and also the form of external the control voltage, supplied

to the coils. The maximum operating frequency of this generator can

reach several kilohertz.

Oscillator circuits with the relay.

Oscillator circuits with relay are sufficiently simple. Fig.

3.43 gives the oscillator circuit from the relays, which makes it

possible to obtain at the output simultaneously three pulses, shifted

in the time relative to each other.
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Fig. 3.43. Oscillator circuit with relay.

Key: (1). Power supply unit. (2). Forming cable. (3). output.
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With extended relay forming cable is charged through

resistor/resistance of R,, and from moment/torque of closing/shorting

relay it is discharged for matched load. Load is composed from

resistors/resistances of R,, R,, R4 , R. and the resistors/resistances

of the output cables, locked for the resistive loads, equal to their

wave impedance. In this diagram the matching condition of the forming

cable with the load is satisfied, if the resistor/resistance of

divider has a value R2=R3=R4=R,=p/2, where p - wave impedance of cable.

In this case the amplitude of output pulses is equal to U,=U 2=U=E/6,

where E - supply voltage.

Is possible application of matched divider, at output of which

pulses have different amplitude. If one of the outputs is not

utilized, then it must remain loaded to the resistor/resistance, equal
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to the wave impedance of the cable of this output.

Pulse amplitude in diagrams with relay is very stable in value,

in this case its stability is determined by stability of supply

voltage, connected to forming line for its charge. In the diagram in

question the amplitude of output pulses is regulated by changing

supply voltage, which is conducted with the aid of switching of the

divider of voltage and continuously variable control by potentiometer.

The range of a change in the pulse amplitudes is virtually feasible

from the millivolts to tens of volts. The duration of front and

shear/section of pulse is the less, the more qualitatively the

mounting of the diagram of formation is carried out.

Generators with relay possess that advantage that in them easily

can be obtained pulses both positive and negative polarity, which is

determined by polarity of switching on/inclusion of source of power.

The replacement of the pulse polarity is realized with the aid of the

switch.

Described oscillator circuit with relay as similar simplest

diagrams with relay, has, however, number of deficiencies. Many

relays work stably only at the specific frequency, equal or to very

close to the resonance frequency of armature. For the same reason it

is difficult to carry out synchronization of the work of generator by

external trigger pulses. Generators with the relay have low pulse

repetition rate.
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PULSE-SHAPING CIRCUITS WITH THE ELECTRON TUBES.

9 2Examined diagrams of formation with thyratrons either relay as forming
element contain first-order two-terminal network in the form of
section/segment of coaxial cable, extended at one end/lead, or special
two-terminal network in the form of cable segment, connected at
ends/leads with load and matched impedance.

With impulse shaping is found also use of diagrams, whose work is

based on properties of second kind forming two-terminal network. In

such diagrams frequently as the source of current taper are utilized

the cascades/stages on the electron tubes. The diagrams, which have

electron tubes as the commutator, make it possible to obtain pulses

with the repetition frequency, considerably larger than in the

diagrams with the thyratrons and the relay.

Fig. 3.44 gives diagram with forming line and pentode, which

ensures required current taper [59]. In initial state both tubes are

closed and current in load R, is absent.
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Fig. 3.44. Diagram with forming line on pentodes.

Key: (1). . 2 JVV~h. (-3.
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The trigger pulse of positive polarity with the steep front, obtained

from the blocking oscillator, is supplied to the grid of the first

pentode. For the time, during which the current in the tube L,

reaches maximum, stray capacitances, available in the circuit of the

anode of tube L, and cathode of tube L. manage to be discharged from

600 V approximately to 200 V, which corresponds to positive

voltage/stress on control electrode of the second tube.

As a result of negative drop/jump in voltage/stress, which is

created on cathode of second tube L2 , it is opened/disclosed also

through resistor/resistance of R, flows/occurs current of constant

value. The negative drop/jump in the voltage/stress, which appears in

this case on the anode of tube L,, is transmitted along the cable

segment, short-circuited at the end/lead. After reflection from the
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end/lead of the line this drop/jump in the voltage/stress returns with

opposite phase, as a result of which the shear/section of pulse is

formed/shaped. Thus, on the anode of tube L, is created the pulse,

whose duration is determined by the doubled delay of the forming line.

The duration of front and shear/section of pulse in this diagram

depends on the duration of the front of the drop/jump in the

voltage/stress, supplied to the line, which is determined by

triggering time of diagram on the pentode L,.

Duration of front of output pulse here succeeds in obtaining

equal to several nanoseconds. Pulse repetition rate reaches hundreds

of kilohertz.

Forming properties of second-order two-terminal network are

utilized also in pulse-generating circuit of triangular form, proposed

by Yu. N. Prozorovskiy [60]. Diagram consists of the forming

two-terminal network, the cascade/stage, which creates current taper,

and limiter. In the simplified form the diagram is given in Fig.

3.45.

In the case of applying pentode as current generator front of

current taper is linear in its middle part, and beginning and end/lead

are distorted due to effect of stray capacitances. The distortion of

front at the pulse apex in this diagram is eliminated, since the

forming line has a delay time less than the duration of the front of

current taper. However, the application of limitation from below
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makes it possible to remove the distortions of front in its initial

part.
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As a result in the diagram the pulses of sufficiently correct

triangular form are formed/shaped.

Trigger pulse of positive polarity is supplied to input of

blocking oscillator (to tube L,), which generates steep-sided pulses

approximately 4 kV/gs. This pulse is fed/conducted to control

electrode of tube L,, which works in the mode of the generator of

current taper. The anode current of tube in the pulse is equal to 2

a, which makes it possible to obtain the sufficiently powerful pulse

of nanosecond duration.

Plate load of tube L, is cable segment and ohmic resistance. In

the anode circuit of tube L, are formed/shaped two triangular pulses

of negative and positive polarity, that correspond to front and

shear/section of the pulse, which triggers tube. Negative and the

lower part of positive pulses are intercepted/detached in the

cascade/stage limitations L,. The upper part of positive pulse in

this case is additionally amplified by the tube of limiter.

Output pulse of negative polarity has correct triangular form and

rate of build-up of front on the order of 30 kV/Ms. The pulse

duration can be regulated by bias/displacement change on the grid of
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tube L, from 3 to 19 ns. The pulse amplitude on the load of 150 ohms

in this case varies respectively from 50 to 600 V. The pulse

repetition frequency reaches several hundred kilohertz.
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Fig. 3.45. Pulse-shaping circuit of triangular form.

Key: (1). output.
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Diagram can be altered for obtaining pulses of positive polarity.

In this case limiting cascade/stage must be transferred into the mode

of cathode follower; however, the steepness of the front of output

pulse in this case falls to 4 kV/gs.

Application in this schematic of low-power electron tubes

(receiver-amplifier) makes it possible to form/shape pulses with

amplitude of up to 50 V.

For all pulse-shaping circuits with nanosecond duration with

electron tubes as commutating element, is essential form of trigger

pulse. If in the diagrams with the thyratrons trigger pulse defines

the operational stability of diagram, but not the form of the

formed/shaped pulse, then in the diagrams with the electron tubes it

defines both the stability of starting/launching and form of output

pulse. Here the steepness of the front of trigger pulse must be
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considerable, since it determines the jump steepness in the current,

and consequently, front and the shear/section of the formed/shaped

pulse. Only with the considerable slope/transconductance of trigger

pulse stray capacitances of the diagrams, which also determine the

shape of pulse, begin to play noticeable role. If the

slope/transconductance of trigger pulse is insufficiently great, then

in essence trigger pulse determines the form of the frontal part of

output pulse. In the diagrams, where limiters are not used, the

nonlinearity of the initial section of trigger pulse can affect the

form of output pulse.

However, possibility of obtaining high pulse repetition rate in

diagrams with electron tubes is their essential advantage.

3.9. Pulse-shaping circuits with the spark dischargers.

In pulse-shaping circuits with relay is possible obtaining

pulses, duration of front of which about 0.1-0.4 ns, but their

amplitude is limited virtually by value 100 V. However, in the

diagrams with the thyratrons it is possible to obtain the pulses of

high voltage, but the duration of their front is considerably more

than formed/shaped in the diagrams with the relay.
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However, in number of cases it is necessary to have pulses of

high voltage, duration of front of which is less than nanosecond.
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Such pulses can be formed in the diagrams with the discharge lines, in

which as the commutator are utilized the spark dischargers.

COMMUTATION PROPERTIES OF SPARK DISCHARGERS.

by experiments [61, 62] established that rate of breakdown of

discharger at atmospheric pressure grows/rises with increase in

voltage/stress applied to electrodes. If the applied voltage/stress

considerably exceeds breakdown (it occurs overvoltage), then the time

of fundamental breakdown, i.e., the time of the commutation of

gap/interval, can be less than one nanosecond.

Valuable property of spark discharger consists in possibility of

transmission by it very high currents. However, application in the

discharger/gap of supplementary third electrode makes it possible to

create the commutator, controlled by trigger pulse.

However, spark discharger as commutator of pulse-shaping circuit

of nanosecond duration has considerable deficiency. This deficiency

consists in the large instability of the moment/torque of the

fundamental prebreakdown of discharger/gap. Therefore the use of a

spark discharger in the diagrams of the formation of periodic pulses

is virtually excluded. However, with the formation of the single

pulses of large power the dischargers/gaps find wide application.

Time of commutation of spark discharger and duration of pulse
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edge determined by it can be evaluated by expression [63, 64)

where k - constant, which depends on form and gas pressure in spark

discharger;

s - spark-gap length;

U - voltage on discharger/gap;

L - stray inductance of circuit;

R - load resistance/resistor.
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If parasitic parameters of mounting are low, then duration of

front is determined by properties of commutator, i.e., by parameters k

and s, and also with value of voltage/stress. The greater the applied

voltage/stress, and consequently, the greater the amplitude of

formed/shaped pulses, the less the duration of front. However, in the

real cases with the high value of voltage/stress U and the small

gaps/intervals s value t, does not depend on s and is determined by

the time constant of the circuit, formed due to the parasitic

parameters. This position occurs, when the duration of front

approaches a value of order 10-10 s.

Value of time lag of breakdown relative to moment/torque of

arrival of igniting pulse or applied voltage/stress is important

characteristic of discharger. In many instances during the

investigations with the aid of the high-voltage pulses, obtained in

the diagrams with the spark dischargers, to undesirably have long time
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lag.

Time of statistical time lag of breakdown succeeds in descending

with work in mode of considerable overvoltage. Large overvoltage can

be obtained in the special constructions/designs, so-called series

spark gaps [65, 66].

SCHEMATICS OF DEVICES/EQUIPMENT WITH THE SPARK DISCHARGERS.

Fig. 3.46a gives diagram of installation for formation of

nanosecond pulses of high voltage, with the aid of which it is

possible to obtain pulses of high voltage with duration of front of

0.3 ns [67].

Forming cable L, is charged through resistor/resistance of R,

from source with voltage/stress of E, equal to 20 kV. The center

conductor of cable is connected with one of the electrodes of the

starter gap, which consists of two sections. The first section by

length I is formed by left and average/mean electrodes in the form of

the spheres, placed accurately in the direction of center conductor.

The second section with a length of 1/4 is formed by average/mean and

right electrodes.

Voltage/stress E, applied to first section of starter gap, is

lower than breakdown voltage.
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Therefore the breakdown of the first section begins only during the

supplying to the average/mean electrode of the negative trigger pulse,

as a result of which average/mean electrode is charged up to

voltage/stress E. The second section, which has smaller length,

proves to be under the voltage/stress, which exceeds breakdown voltage

approximately 4 times, which leads to the rapid breakdown of this

section.

Pulse formed/shaped in starter gap enters cable L,. Duration of

the edge of this .pulse of approximately 20 ns. This duration is not

connected with the properties of the second section of starter gap, it

depends on the fact that in the beginning of breakdown the current in

the first section cannot achieve the necessary value due to the high

resistor/resistance of the trigger generator, on which falls the

significant part of the voltage/stress. After the breakdown of the

second section the resistor/resistance of gap/interval is determined

by the low value of the wave impedance of cables L, and L, and current

reaches value 200 a.

For peaking is used second discharger, so-called peaker, which is

isolated from starter gap by cable L,.



DOC = 88076712 PAGE

8 #m~OT I II -

0 o 20 3O 0 t' 01:1
b) (i

Fig. 3.46. Oscillator circuit with spark dischargers (a); oscillogram

of formation of edge of pulse (b).

Key: (1).Me.d% (2). Mercury-vapor lamp. (3). kilohms. (4).

Starting/launching. (5). kV. (6). OOPuf. (7). starting/launching

discharger/gap. (8). Peaker. (9). Pulse edge in starting/launching

discharger/gap. (10). leading edge of pulse in peaker. (11). ns.
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The pulse through the separating cable emergent in the starter gap

proceeds to discharger/gap with the very short gap/interval, which

proves to be under the voltage/stress, which considerably exceeds

breakdown. Breakdown flows/occurs very rapidly, but on the time it

delays relative to the moment/torque of the arrival of pulse. If time

lag lasts more than 20 ns, then the flat initial part of the pulse,

which enters the peaker, manages to pass (Fig. 3.46b) and then the

edge of the pulse, formed/shaped in the peaker, is determined by the

rate of breakdown in it. For obtaining the necessary value of the
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time lag of breakdown in the peaker the space is filled with nitrogen

under the high pressure. For decreasing the time of commutation the

length of gap/interval is small and equal to 0.025 mm.

Formed/shaped pulses have amplitude of 10 kV for duration of

front 0.3 ns. Since the time lag of breakdown is unstable, then it is

difficult to ensure assigned delays of breakdown, equal to 20 ns.

Another oscillator circuit is free from some deficiencies in

preceding/previous diagram. Generator has one discharger, whose space

is filled with nitrogen under the high pressure. The peaking of the

formed/shaped pulse occurs in the same gap/interval with the aid of

the high-frequency corrective capacitor, connected to the electrodes

of discharger/gap (Fig. 3.47). Here p - wave impedance of cables.
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Fig. 3.47. oscillator circuit with spark discharger (a); its
equivalent diagram (b).

Key: (1). Starting/launching. (2). Capacitor. (3). 0(4*P
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If discharger/gap would be ignited instantly, then the voltage/stress,

which enters the output cable, would be equaflyto and it caused the

surge, which dropped with the time constant pC/2. If this time

constant of the order of the pulse rise-time in the discharger/gap

without peaking circuit, then in the case of discharger/gap with

peaking circuit it is possible to obtain steep-sided pulses without

the distortions. After the selection of the value of the peaking

capacity/capacitance and fine adjustment of length of both sections of

discharger the diagram works reliably.

Diagram of formation of nanosecond pulses of high voltage, which

uses series spark gap [66], sufficiently simply is regulated and

reliably works. Fig. 3.48 gives oscillator circuit with series spark

gap and peaker. This diagram makes it possible to obtain large

overvoltage on the discharger/gap which leads to the short duration of

the pulse edge and the small delay of starting/launching. )
Discharger/gap is carried out in the form of coaxial system. From the

.3

m~mmmmmmmmmmmmm~ m m ~ m mm m m
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dc power supply 30 kV is charged the segment of cable L,. After

functioning consecutive discharger p, in the line L, appears the pulse

by the voltage/stress of 15 kV and by duration about 40 ns with a

duration of the front of 5 ns. After the breakdown of the latter/last

discharger/gap p, the current reaches 200 a.

For shortening of duration of pulse edge is used corrective

capacity/capacitance C,, switched on in parallel to line L.. Fig.

3.48b gives the equivalent diagram of the discharge circuit.

Let us record characteristic of commutation of discharger/gap in

the form [66]

| e- ,

where a - constant, and assuming/setting Ufl, for change in

voltage/stress with time we will obtain expression

2f
2 2 , e ,

It follows from this expression that with increase in capacitance

C. pulse edge decreases with constant amplitude.
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However, with excessively high value C,, is observed overcorrection of

pulse, which is evinced by the appearance of an overshoot for its

apex/vertex. When C,=1,4/ap the value of overshoot composes 5%. Since

a=2,2/14, then the optimum value of capacitance C, will be value
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C' = 0,63L,

where t, - time of the commutation of discharger/gap.

, CA

F 1 ~ 1

PC

or

-C 3

0- IC,

F, 3, 

l
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Fig. 3.48. Oscillator circuit with series spark gap and peaker (a);

equivalent schematic of discharge line (b).

Key: (1). kV. (2). Starting/launching of oscillograph. (3)..

Launching/starting.
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With this value (, the duration of the pulse edge is determined by the

expression

With the aid of corrective capacitance succeed in obtaining

duration of front of approximately 2.5 ns.

For further decrease of duration of pulse edge is used peaking

discharger/gap p.. The length of the gap/interval of this

discharger/gap is selected by such that its breakdown would occur on
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the upper part of the edge of the pulse (s.--3 mm entering). In this

case occurs maximum overvoltage in the gap/interval and, therefore,

the minimum time of commutation. The duration of the front of output

pulse proves to be equal to approximately 0.6 ns.

For formation of shear/section of pulse in diagram is provided

special discharger/gap 1). built in chamber/camera of discharger/gap

p.. The moments/torques of breakdown across gap pi and pa are

synchronized by the special circuit, connected with the key/wrench o.

launching/starting generator K,. The pulse duration is regulated by

the length of the gap/interval of discharger/gap P,. The cathode of

discharger/gap ic is irradiated by ultraviolet rays from special

gap/interval p,. The moment/torque of the breakdown of this

gap/interval must be synchronized with the starting/launching of the

coaxial commutator, which is ionized by spark in gap/interval r,.

All generators of high-voltage pulses examined are intended for

formation of single pulses.

Such generators are used during diverse physical investigations

and during different tests [66]. Usually during the supplying of

high-voltage nanosecond pulse on the object being investigated is

realized the starting/launching of scanning/sweep of the oscillograph,

with the aid of which is observed the studied phenomenon. Therefore

in the generators the output of the trigger pulse of oscillograph must

be provided. So in fig. 3.48 is shown the output of this pulse, R, .
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removed from resistor/resistance
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Pulse-shaping circuit with discharge line, noncritical to value

of load (Fig. 3.13), it can be used also with construction of

generators of nanosecond pulses of high voltage with spark

dischargers. This diagram, used for the impulse shaping of

microsecond duration in the installation with spark dischargers [68],

proved to be very advisable with the work with the mismatched load or

time-varying load. Besides noncriticality to the value of load this

diagram and in the case of applying the spark dischargers makes it

possible to obtain the pulses, whose duration easily is regulated in

the considerable limits with the aid of a change in time difference

between the moments/torques of the breakdown of two dischargers/gaps.
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CHAPTER FOUR

Impulse shaping from the shock electromagnetic waves, which are

propagated in the lines of transmission.

In contemporary physics and technology there is need for

application of electric pulses of high voltage with duration on the

order of 10-' s. Obtaining such pulses with the aid of the thyratron

diagrams without their subsequent conversion is impossible, since the

ionization time of high-voltage thyratrons is considerably more than

one nanosecond. The application of diagrams with the

accumulators/storage and the spark dischargers is possible only in

obtaining of single pulses, because in the case of the formation of

repetitive pulses is manifested the considerable instability of

triggering time of spark discharger. The use of the simplest circuits

with the nonlinear inductance contributes to the solution of this

problem, but to the insufficient degree.

Obtaining such pulses became possible with the aid of forming

lines with nonlinear parameters. Initially by I. G. Kataye [69] was

expressed the possibility of the formation of very steep edges in the

current (voltage/stress) by the transmission of the pulse through the )
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artificial delay line with the nonlinear parameters, in which the

delay time decreases with an increase in the instantaneous values of

current and voltage/stress.

Pulse edge at output of this line increases with considerably

larger rate, than at input.
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In contrast to many other methods of impulse shaping in this case with

an increase in the amplitude of initial current taper (voltage/stress)

the duration of front at the output decreases, what is the very

valuable advantage of the method in question.

Theoretical studies of physical phenomena, which lie at basis of

this method of formation of steep edges in current, they showed

possibility of presence of impact electromagnetic of will and

explained mechanism of their formation in media and transmission lines

with nonlinear parameters [70-77].

Phenomenon of impact of will in nonlinear media is known in

hydrodynamics and gas dynamics. Thus, for instance, velocity of

propagation of the sonic of will in the nonlinear media depends on

sound intensity and shock acoustic waves are formed under specific

conditions in this medium.

Shock electromagnetic waves in nonlinear transmission lines with
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ferrites, ferroelectrics and semiconductors made it possible to obtain

drops/jumps in voltage/stress (current) with slope/transconductance to

1012-1014 V/s. This, in turn, it made it possible with the aid of

the subsequent conversion to form/shape pulses with the duration of

less than the nanosecond with amplitudes of from tens of volts to tens

of kilovolts.

Are described below processes of formation of shock

electromagnetic waves in transmission lines, methods of calculating

such lines are given and methods of impulse shaping with the aid of

devices/equipment, which use nonlinear lines, are examined. In this

case primary attention is given to the forming lines with the ferrite,

which found the widest use in the nanosecond technology, especially

with the impulse shaping of considerable amplitude.

4.1. Formation of shock electromagnetic waves in the nonlinear

transmission lines.

In nonlinear media during propagation of electromagnetic waves

two mechanisms of formation of shock electromagnetic waves are

observed in essence. These mechanisms, connected with the dependence

of the rate of propagation of waves on their amplitude and with the

phenomenon of the dissipation of energy at the wave front, can be

under specific conditions examined separately. In connection with

this let us first examine the case relative to a slow drop/jump in the

field. J
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Formation of shock waves at the relatively low speed of field change.

In the case of unbounded nonlinear nonconducting medium

propagation of plane uniform linearly polarized electromagnetic waves

E=E,(z, h,.1=H(z. 0 is described by Maxwell's equations, which in this

case are reduced to two differential equations in partial first-order

derivatives [70]

Wi __ I D B B (H),
C (4.1)

oE __ OU D= E.
Tiz -C at'

Case of space, filled with ferrite, where

connection/communication between vectors of electric field D and E is

taken by linear is here undertaken, and connection/communication

between vectors of magnetic field B and H - nonlinear. For

sufficiently slow quasi-statices process the value of induction B at

any point of space is uniquely determined by the strength of field H

at this point at the same moment of time.

In the case of limited space, for example line of transmission,

whose transverse sizes/dimensions are small, equations can be recorded

in the form of two first-order equations (telegraph equations) [70,

71]
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where u(z, t) - voltage/stress between wires in section Z (two-wire

circuit);

i(z, t) - current in one of wires in the same section;

Q - charge per unit of length of line;

* - electric flux per unit of length of line.

For sufficiently slow processes flow 0 is considered only

function of current

• -- ,,(i).(4.3)
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Charge Q is linearly connected with the voltage/stress

Q ==Cu, (4.4)

where C - capacitance per unit length of line.

Equations (4.2) are suitable for case of heterogeneous and

artificial lines, if values, entering these equations, are are

replaced with their average/mean values, when temporary/time and

three-dimensional/space scales i(z, t) and u(z, t) are much more than

appropriate scales of separate component/link of line.

Nonlinear equations (4.2)- 4.4) in general case are not solved.

However, are known their particular solutions for the case of the

so-called simple waves, when one of the unknown values is the
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single-valued function of another value. Assuming/setting u-u(i), it

is possible to find

u 
) di

and then equations (4.2) will have solution recorded in the form [70,

71]

(4.6)==z V (i) t + F (i), 46

, =F (z.__ 1 (4.7)
V.'LC Jff

where F and F, - arbitrary functions, determined from the boundary and

initial conditions, and L(i)-d /di - inductance per unit of the length

of line.

Solution (4.6) takes form of traveling wave (simple wave). In

simple wave each point of its front moves at a velocity, which depends

on the value of current at this point. If inductance L(i) of line is

monotonically decreasing function of the absolute value of current,

then with the larger rate those points of the front, where the current

is more, will be propagated. Consequently, in the case of the

transmission of pulse, the steepness of its front along the line

grows/rises, and the shear/section of pulse becomes flatter Fig. 4.1.

Solution (4.7) assumes that at some moments of time the isolated

points at the wave front "will pass" points with the smaller value of

current. Solution (4.7) in this case becomes ambiguous (with t-t. in

rig. 4.1).

Page 219.



DOC - 88076713 PAGE

In actuality this is impossible and the ambiguity of solution (4.7)

means that the solution became disruptive, moreover in this case gap

is formed at the wave front.

After formation of flow'separation wave ceases to be simple -

shock electromagnetic wave appears. Place and interrupting time is

determined from solutions (4.6) and (4.7). The moment/torque of gap

t* and coordinate the points of discontinuity are determined by the

equations
,, z 0Z) = O, (4.8)

where z(i, t) takes form (4.6).

If L(i) - nonmonotonic function, i.e., if magnetic permeability

of ferrite p(H) - nonmonotonic (single-valued or ambiguous) function,

then velocity of propagation of different points of pulse depends on

state of ferrite at preceding/previous moments of time. In other

words, the character of impulse shaping with its passage along the

line will to a considerable degree depend on the selection of initial

operating point in the curve of magnetization (Fig. 4.2) [71, 73]. By

the figure the hysteresis loop is displaced to the right, since the

reference point of coordinates is displaced to the constant value

field of magnetic biasing. If the pulse amplitude is so considerable

that field H takes the values more than value H,, then shock waves can

arise both at the front and in the shear/section of launched pulse.

Actually, steepnesses of pulse edge according to (4.6) and (4.7)
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it grows/rises for its those sections, where for ferrite dg/dH<O, and

cutoff attenuation rate of pulse will increase, when du/dH>O.
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Fig. 4.1. Strain of pulse during its propagation along line.
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Consequently, at the pulse edge with the larger rate will be

propagated points in which current more, and in the shear/section of

pulse, on the contrary, more rapid will be propagated points with the

smaller value of current.

Thus, if we with the aid of constant magnetic biasing of ferrite

fit such mode, during which in operating range of strength of field H

dependence of magnetic permeability on field strength will have

maximum, then it is possible to form wave with steep front and

shear/section (Fig. 4.3).

However, it is necessary to have in mind that phenomenon in

question occurs until is retained quasi-static dependence B(H), which

is characteristic for microsecond range of change in durations of

front and shear/section of pulse, i.e., as long as rate of change in

magnetic field H at front (shear/section) of wave does not exceed

value of 10'-1080e/s 176].
)!
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Fig. 4.2. Dependence B(H) and M(H) for ferrite.

Fig. 4.3. Strain of pulse during propagation along line.
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Mechanism of formation of shock electromagnetic waves due to

phenomenon of "raid" of parts of front examined, which correspond to

greater instantaneous values of current (voltage/stress), and, by

such, by shape, increase in steepness of front occurs, also, in other

media. The phenomenon of the formation of shock electromagnetic waves

is observed, in particular, in the nonlinear transmission lines with

the ferroelectrics and the semiconductors. Nonlinear element in the

semiconductors is capacitance of p-n junction.

Formation of shock electromagnetic waves at high rates of change in

the field.
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In the case of high rate of build-up (more than 10'-10'0e/sl of

magnetic field with shaping of front is disrupted quasi-static

dependence B(H) and need for considering dynamic process with magnetic

reversal of ferrite appears. Large Paul begins to play magnetic

viscosity of ferrite, which leads to energy losses at the front of

wave (71, 72, 73]. Therefore with rapid changes in the magnetic field

it is possible to speak about the dissipative mechanism of the

formation of shock electromagnetic waves.

Dissipation of energy at wave front to certain degree occurs,

also, with shaping of shock wave due to mechanism of raid at those

moments/torques, when steepness of front noticeably grows/rises.

However, the phenomenon of the dissipation of energy in this case will

not be fundamental. At high rates of change in the magnetic field the

phenomenon of dissipation already plays essential role.

In this case process of rapid magnetic reversal of ferrite is

considered. The connection/communication between the vector

magnetization of ferrite M and the operating intensity/strength of

magnetic field H , is assigned by the equation of precession in the

form of the equation of Landau and Lifschitz [70]:

OM A (49)
-Oi-= -Y [MHAJ 1 , IM IMH~kd1, 49

where 7 - absolute value of gyromagnetic ratio; or in the form, which

considers viscous friction, i.e., in the form of the equation of )
Gilbert/Hilbert [70, 71]:
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-- [-MHi L ] (4.10)
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Here the coefficient of dissipation a and relaxation frequency X are

connected with the relationship/ratio

1+22

or with the low values a

In the case of transmission lines with toroidal or cylindrical

ferrite cores process of magnetic reversal of ferrite at high rates of

change in field is most correctly described by model of heterogeneous

precession [73]. In this case the equation of relation takes form

[70, 73]
OMh alkM ( '

\1  t)"H,( 4 .9a)

where N, - projection of vector magnetization on the direction of

field of action H:

H = q1, (4.11)

where q-const.

Electric flux per unit of length of line is equal to
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Af '(4.12)

where L. - linear inductance of line without ferrite;

q - duty factor of line with ferrite (0<n<i).

Using telegraph equations (4.2), and also by equation (4.9a) and

by relationships/ratios (4.11) and (4.12), it is possible to find

approximate solution of equations for nonlinear line [73].

Physical picture of formation of shock electromagnetic waves with

rapid magnetic reversal of ferrite approximately can be represented as

follows.

Page 223.

During the propagation of pulse along the nonlinear line in connection

with the rapid magnetic reversal of ferrite occurs dissipation of

energy at the front (energy losses to heating of ferrite with the

magnetic reversal), whose relative value changes with a change in the

current strength. In this case with the increase of the amplitude of

current in proportion to the saturation of ferrite the relative energy

losses decrease also they can already be absent at the pulse apex. As

a result of this one part of the edge of pulse (in its foundation) as

"is absorbed" more noticeably than another part (at the apex/vertex),

and, thus, front becomes steeper/more abrupt. The picture of a change

in the pulse during its transmission along the line is shown in Fig.

4.4. )
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If duration of sector of the front, at which occurs magnetic

reversal of ferrite, is short in comparison with duration of initial

pulse edge, then this section can be considered as "gap", i.e., as

shock wave, before front of which current i is equal to zero, and its

ferrite is already completely saturated behind front.

Beginning from certain time dissipation of energy at wave front

it is kept constant, and form of front remains constant/invariable.

In this case wave can be considered as stationary. The expressions,

which describe stationary shock wave, which follow:

i()i (VI',t-Z),
U (V ( -Z),

where z', - rate of shock wave, which is constant and determined by the

values of field on both sides of gap.
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Fig. 4.4. Strain of wave front due to losses in ferrite during its

propagation along line.
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Dispersive mechanism of formation of shock electromagnetic waves

is of essential interest for nanosecond pulse technique as phenomenon,

with the aid of which it is possible in nonlinear forming lines to

obtain very steep edges in current and voltage/stress.

It is necessary to note value of initial intensity of

magnetization of ferrite with formation of shock wave front. Changing

value and sign of the field of magnetic biasing, it is possible to

affect, to the process of the formation of shcck wave, in particular,

to change the duration of its front.

In the case of propagation of strong shock wave (with which

H,,.>H, M) duration of front of stationary shock wave tD2 is

proportional to value of magnetic moment of ferrite M and it is
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inversely proportional to amplitude of magnetic field H,,,,C and to

relaxation frequency of ferrite (to constant W) [70, 72):

M (4.13)

Thus, the greater pulse amplitude at input of forming line, i.e.,

is the greater field Ha,,c the less duration of front can be obtained

at output of line. This property of the forming lines, which use a

phenomenon of shock electromagnetic waves, is very valuable for the

nanosecond technology. Usually with an increase in the pulse

amplitude the duration of its front also increases with other methods

of the formation of nanosecond pulses in the majority of the cases.

4.2. Shock electromagnetic waves in the transmission lines with the

lumped parameters.

Since time, for which is formed/shaped in line shock wave, cannot

be less than initial duration of pulse edge, then for this time

considerable distance passes pulse to transmission line. For

reduction in the strength of current and shortening of the overall

dimensions of line it is expedient to utilize artificial transmission

lines, for example, in the form of nonlinear delay line with the

lumped parameters. The wave propagation velocity in such lines can be

relatively small; therefore the formation of shock waves in the line

with the small sizes/dimensions is provided.

Page 225.
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As the artificial delay line can be undertaken multilink chain/network

with LC by components/links of the type of the constant k (Fig. 4.5).

Here capacitance of C - constant value, and inductance is

nonlinear and is carried out in the form of inductance coils on

ferrite rings. This line possesses the dispersion, connected with the

dependence of the parameters of separate components/links on the

frequency (frequency dispersion) and with the periodic character of a

change in the properties of system along the direction of propagation

of pulse (spatial dispersion).

Dispersion begins to be manifested, when during transmission of

pulse steepness of its front grows/rises and it becomes sufficient

large. If the slope/transconductance of launched pulse at the input

of line is relatively small (dH/dt<10'Oe/s then dispersion in the

line can be manifested even before will be destroyed assumption about

the uniqueness of dependence 0=0(i), i.e., the form of the usual

static hysteresis loop of ferrite is disrupted before.

But if steepness of front of input pulse is great, and

consequently, required time constants of components/links of line are

very low, then static curve of hysteresis loop no longer occurs and it

is necessary in this case to consider switching time of ferrite. The

analysis of processes in the nonlinear artificial transmission line is

various for these two cases.
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Stationary shock electromagnetic wdves in a line with the small

steepness of the front of initial current taper.

Processes, which occur in nonlinear discrete/digital line during

transmission of pulse, are described by nonlinear

differential-difference equations, whose general/common investigation

is hindered/hampered. However, the stationary shock electromagnetic

waves, which occur in this line [74), can be examined.
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Fig. 4.5. Artificial delay line with inductance coils on ferrite

cores.
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The equivalent schematic of line is represented in Fig. 4.6a The

equation of the circuit in question takes following form [74]:

S(i.+, - 2i. + i.-,) dt + CR (in +, 2i,, - +
.--CR- Qt '.,, +1 - 2.,,,.-- 4,._,})+ - (F,,+ - 2,4,,, + ,,_,)

-C --- (4.14)(It'

where i. and ti,, - respectively current and magnetic flux in the n

component/link of line;

C - capacitance of component/link;

R - resistor/resistance.

Since line uniform, then C,-=C. R.,=R and rw . The

investigation of the steady-state solution of the form

i4-1 (1) -- i. Yt -+t 16)

(where At - delay time of wave in one component/link of line) shows

that formed/shaped current taper is the function, given in Fig. 4.6b.

)
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Fig. 4.6a. Equivalent schematic of artificial delay line.

7 T
t

Fig. 4.6b. Oscillogram of shock wave front.
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The current strength in the line increases exponentially in initial

sectors of the front of shock wave, while in the subsequent sections

oscillating it approaches steady-state value I. With the high

attenuation instead of the oscillations there can be the aperiodic

process of approaching the current to value I. If dependence 4' and)

is approximated by function $(i) -i - 6 , where A and 6 - constant

positive coefficients, then it is possible to obtain approximations

for the evaluation/estimate of initial sector of the front and

frequency of oscillations [74]. Initial sector of the front, defined

as the time interval, which corresponds to the values of current from

0.1 I to 0.9 I, is rated/estimated with the aid of formula [74]

, - r))C-r, I//. (4.15)
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Frequency of oscillations

-_I .I 2 / ;C-f- , C/ (4.16)

and amplitude of oscillations

It follows from these formulas that with decrease of parameters

of component/link of line (by decrease of value At) steepness of shock

wave front and frequency of oscillations grow/rise.

Thus, with relatively small steepness of front of current taper

at output of line, when is valid static dependence (i) of curve of

magnetization of ferrite, significant role plays spatial dispersion of

artificial transmission line. However, the time of the magnetic

reversal of ferrite still sufficiently little and does not determine

the duration of the front of formed/shaped current taper.

Shock waves in a line with the considerable slope/transconductance of

initial current taper.
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For nanosecond pulse technique are of greatest interest shock

electromagnetic waves, which are formed in line under influence of

current pulses with large steepness of front, when rate of magnetic
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reversal of ferrite exceeds 10'-10'0e/s.

In this case in examination of processes in line it is necessary

to use dynamic equations of relation, which consider that value of

vector magnetization M at certain moment of time is not determined,

generally speaking, by intensity/strength of magnetic field H at this

moment. In this case, when in the process of magnetic reversal is

changed only the value (but not direction) of magnetic field, i.e.,

when ferrite it is not possible to consider saturated, the projection

of vector M on direction H is satisfactorily described by equation

[73, 75)
dinl, _ l - qI (4.17)
cat F Y I A I10,

where , ,M JM - projection of vector magnetization on the

'M

direction of the magnetic field;

a - coefficient of the dissipation of ferrite;

7 - absolute value of gyromagnetic ratio;

H
q= :

Magnetic flux is connected with current in this case with

expression

where n - duty factor of coil with ferrite.

For determining stationary shock wave it is necessary to find
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solution of differential equation of transmission line, obtained from

equation (4.14), taking into account equations (4.17) and (4.18) [75].

Therefore the solution in the general case must give the dependence of

shock wave front both on the parameters of ferrite (a, M) and state of

its intensity of magnetization ( 1.11; and on the parameters of the

component/link of line r0.-VL C(L. - the inductance of the

component/link of line at the saturated ferrite).

Let us give first solutions for case, when constant of

component/link of line is very low .-O0.
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In this case the line is distributed, since its discreteness is not

expressed. In the particular case the front of shock electromagnetic

wave will be by pillar determined by the properties of ferrite [73]

1,1,, I F ,PI~ f mD ' (4.19)

where 00,,) - I , , : . {(. )

Plotted function F=f(m.) is given in Fig. 4.7.

With assigned current I minimum duration of front is determined

by properties of ferrite. Decreasing the value of the ratio of

remanence to the saturization magnetization of ferrite ,,,.- ' it is

possible to decrease the duration of front. The duration of front
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proves to be smallest in ferrites, which have a constant a=l. The

coefficient a, which has value from 0.3 to 1, is measured

experimentally and it can be calculated from the expression for the

switching coefficient of ferrite S., which is determined from Formula

[73] 2,'( [ (,,,) 3. c' l,(4.21)

Key: (1). Ce. se-.

where y=const=- 1,76.1 -."

Thus, function f(m.) determines dependence of rate of process of

magnetic reversal on initial conditions. Actually, switching time

will depend on the mobility of vector magnetization and on the angle,

to which it must additionally turn itself in order to prove to be

parallel to the affecting field H. Thus, in the ferrites with the

right-angle hysteresis loop in the absence of the applied field of

magnetic biasing value m, is close to one, since vector magnetization

is already in the initial state little deflected from the direction,

which it accepts upon the saturation of ferrite. With the high

squareness ratio of hysteresis loop it is possible to consider value

f(m.) of constant for all ferrites, which have right-angle hysteresis

loop, which work in the presence of the zero magnetic biasing, and

equal to 4.5.
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But if ferrite with the flat hysteresis loop is utilized or magnetic
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biasing is used, then value f(m.) can be determined from the

graph/curve (Fig. 4.7). In the case of magnetic biasing, changing

value m. (from -1 to +1), it is possible to change the duration of

shock wave front t2 almost three times.

In actuality in line lumped parameters it is necessary to

consider not only parameters of ferrite, but also with parameters of

components/links of line (r, and n). Already it cannot be considered

that % < t02, since the duration of formed/shaped front tp2 and value r.

it is approximately equal with the high currents in the line (with the

large steepness of the pulse edge).

In this case solution of initial equations of line very

complicatedly and can be realized either by grapho-analytic method or

numerical calculation. Fig. 4.8 gives graph/curve '_=-f(k), constructed

on the basis of the approximate equation, which occurs in the case of

[75] in question:

,, --I )"() 2 (4.22)

)
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Fig. 4.7. Plotted function f(m0 ).
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Here H r (t 2) m~j%(4.23)

k 0 Iql (4.24)J --,(I -. );( .4

value %,,=(0,4-+-0,33)W, , characterizes rise time of front; 1, - intensity

of magnetization of the saturated ferrite. The parameter 0 determines

value r,, when straight line - =(2,3 -9-3)1j- interesects the curve f(k)

(Fig. 4.8).
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Fig. 4.8. Dependence o/,,=f(k)
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Thus, with selected value re from graphs/curves it is possible to

find value of duration of pulse edge, formed in line. This duration

is here the function of the value of field (qI), parameters of ferrite

(111 ,111 and parameters of line (r., 7).

When duration of front, formed/shaped with line, becomes close to

value T, oscillation appears at apex/vertex of formed/shaped

drop/jump. The period of these oscillations T approximately can be

evaluated according to the expression
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-sinl fx I/~-. + 7 (4.253)

For reduction in amplitude of oscillations it is possible

consecutively/serially with capacitance of component/link of line to

include resistor/resistance (Fig. 4.6). However, in the nanosecond

range of durations this is difficult to carry out, without introducing

the parasitic reactive/jet parameters. Therefore the duration of the

formed/shaped front is actually limited to value 1,1,, > (3+5)o. when the

value of oscillation is still low.

As already mentioned, for formation of stationary wave is

required length of line, which ensures pulse delay, not less than

duration of front of input pulse. If the length of line is small,

then shock electromagnetic wave is formed not on entire current taper

(Fig. 4.9a). At a certain optimum length of line shock wave is

formed/shaped on entire current taper (Fig. 4.9b). The rate of the

formation of shock wave is determined by the parameters of ferrite and

components/links of line. The rate of formation is more, if ferrite

has the larger value of magnetic moment j M and smaller value of m,.
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Fig. 4.9. Oscillograms of pulse edge, formed/shaped in line: a) in

the case of insufficient quantity of components/links of line: b)

with optimum number of components/links; c) in the case of excessive

quantity of components/links.
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optimum number of components/links of line can be determined

according to Prmula [73]

-,, I. unI (4.26)

Here t,, and r. - respectively the duration of the front of the

drop/jump at the input of line and the time ccnstant of component/link

with the saturated ferrite.

If number of components/links is great, i.e., line has

excessively large length I,,I,,..), then current strength decreases due

to energy losses in process of passage of will along line, and this

A
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leads to increase in duration of shock wave front (Fig. 4.9c). In

this case it is possible to indicate that the front of drop/jump is

re-formed.

For accelerating formation of shock wave front non-uniforms

circuit with ferrite can be utilized. In this case the line is

fulfilled in the form of components/links with different values of the

parameters T* (stepped line). The first components/links have high

value r., and the subsequent finer/smaller components/links have all

decreasing values To

During propagation along line of formed shock wave it is possible

to introduce concept of resistor/resistance of line to shock

electromagnetic wave:

Z I :.-/I --"o)j (4.27)

With qM-0 resistor/resistance of line to shock wave passes into

usual wave impedance of linear line of transmission p. The nonlinear

forming line, in which is propagated shock wave, strictly speaking,

can be coordinated with the load only on the resistor/resistance to

shock wave. Therefore the same nonlinear line can be the best load.

With the usual linear load nonlinear line will prove to be mismatched

and the part of the energy of the end/lead of the line will be

reflected and to be propagated to it they began. With the

considerable porosity of the pulses supplied to the line the waves

K%
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reflected manage completely to damp during the period between them.
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The presence of the echo pulses, just as the oscillations, which occur

after the shear/section of pulse with its large

slope/transconductance, determines the magnetic state of ferrites,

i.e., to the arrival of next pulse ferrite has the specific initial

state. The presence of the damped oscillation in the period between

the pulses can lead to the fact that a ferrite it will not have

initial constant magnetic biasing.

Described phenomena with formation of steep edges in current with

the aid of nonlinear forming line on ferrites, and also given

fundamental principles make it possible to express considerations

about selection of ferrite for such lines.

For evaluation/estimate of ferrite it is necessary to know

saturation induction B. 4n). remanent induction B, (M,4%=B,) and

coefficient of dissipation a.

With a-l duration of front t42 and optimum number of

components/links of line "oUT are minimum. The greater the saturation

induction B, (or M,), the less the optimum number of components/links

of line. With decrease mo=Br/B, the duration of formed front t,,2 and

the wave impedance of nonlinear line in other constant parameters of

ferrite and parameters of component/link, and also with the assigned
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amplitude of current increase. However, with the the small m0 the

optimum number of components/links noT is less than with the the large

m., but the duration of front 42 changes insignificantly; therefore

it is expedient to have values of m.kO.

Consequently, ferrites adequate/approaching for use in nonlinear

forming lines it is possible to consider such, which have coefficient

a-1, high value of saturation flux density B, and small remanent

induction Br. forming line can be heterogeneous, when at first line

contains one type components/links, and at the end - another. In this

case in the first components/links is desirable to use ferrites with

the high B, and average value m, while in the latter/last

(fine/small) components/links to use ferrite with average value B., on

with the squareness ratio, close to one.

Enumerated characteristics of ferrite must be stable.
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Otherwise with the formation of repetitive pulses with the large

steepness of front, for example, for the signal generators or the very

high speed oscillographs will appear the noticeable in the nanosecond

range instability of functioning the corresponding diagrams. In

connection with this the operating temperature of the forming

nonlinear line has high value.

If temperature of ferrite is close to Curie point, then

|m mmmmmm m ~ m N • • m~ m mm • m'I
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insignificant temperature fluctuations can cause instability of delay

time of line, since in this case value of magnetic saturation of

ferrite changes.

Power, scattered in line in the form of heat, can be

rated/estimated with the aid of frmula [78, 79]

I-IF 11) 18,111, (4.28)

Key: (1). W.

where F - pulse repetition rate, Hz;

R - resistor/resistance of the wires of the inductance coils,

ohms;

p, - line characteristic with the saturated ferrite.

First member of expression (4.28) determines power, spent on

magnetic reversal of ferrite and then scattered in the form of heat,

and second term - losses to Joule heat.

4.3. Calculation of those forming lines with the ferrite filling.

On the basis of expressions, given in preceding/previous

paragraph, and description of phenomena, which occur in forming lines,

filled with ferrite, it is possible to present order of calculation of

such lines. Let us examine one of the possible versions of the

calculation of the forming line with the ferrite, proposed by A. M. )
Belyantsev and Yu. K. Bogatyrev [80, 81].
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Initial values for calculating line are usually duration of front

of current taper (or voltage/stress) j,,, at input of line and duration

of front t, which is required to obtain at output, I - amplitude of

current of input drop/jump, R-- load resistance/resistor, brand and
(d,.p -

sizes/dimensions of ferrite Amean diameter of ring and S - its

section). Sometimes the parameters and the sizes/dimensions of

ferrite filling are already known, i.e., there are standard ferrite

rings, for example, used in the electronic computers.
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In other case the sizes/dimensions of rings must be calculated

according to their obtained space. The usually following values are

determined: r - time constant of component/link, p. - line

characteristic with the ferrite magnetized before the saturation, q -

number of turns per unit of the average/mean length of ferrite ring, n

- duty factor, m. - initial intensity of magnetization of ferrite,

1.-.r - optimum number of components/links of line; t. - delay time of

line.

Case of the relatively small steepness of the front of drop/jump.

Let us examine first case, when duration of formed front is

noticeably more than time constant of component/link r,. Minimum

( : value r., in turn, is always limited by the finite dimensions of

ferrite rings and by the parasitic parameters of the mounting of line.
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In the case in question occurs inequality -:O0,2 t,2. The dispersive

properties of line, connected with the discreteness of its structure,

can be disregarded/neglected, in other words, considered under this

condition that the artificial line is distributed-parameter line.

A. Let us begin calculation for line on the assumption that

sizes/dimensions of ferrite ring are not yet selected. Then order of

calculation is the following.

1. Let us determine time constant of cell r from condition

• V4 LuCo O2t, , (4.29)

where L, - inductance of component/link of line without ferrite, H;

Co - capacitance of capacitor of component/link, 0.

2. We find number of turns per unit of average/mean length of

core
_(I

q:= 10 ,, S n-j 81 (4.30)

Key: (1). 4&1-07s/Q.M

where s,,-- switching coefficient of ferrite,Oe.s. [see (4.21)],

whose value usually lies/rests within the limits (0.3-0.5) "10-' de.S.

On the basis of expressions (4.20) and (4.21) it is possible

approximately to record

1,, , 2; i ] .4 .3 1 )
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Key: (1). 4W"hS/tj

3. Let us calculate space of doughnut coil, i.e., size/dimension

of ferrite core (taking into account agreement of line with load R11P

-..R,, _ I' [c.,, . (4.32)

where parameter k according to (4.24) is equal to

Here duty factor with the dense single-layer coil/winding of coil is

close to one, and with a small quantity of turns q=0.3-0.6.

Approximately value n is rated/estimated with the aid of

express ion
Sxpo L_. t.,,- (L, + L2 + L3)

L_ (4.33)

where.L, - inductance of neutral conductor (grounding/ground);

L,- complete inductance of component/link of line;

L,- inductance of supplying ends/leads of coil;

L,- leakage inductance, in particular, if ferrite partially

fills coil L3 =L. (S-So)/So;

S. - cross-sectional area of coil. Since the sizes/dimensions of

coil are not yet known, then value q is taken very approximately.

4. Let us determine inductance of doughnut coil without ferrite

core

L,-4rq'do,,S 0IO- Nhl, (4.34)

Key: (1). H.

where do, - the mean diameter of coil, cm;
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So - area of its cross section, cm a .

Knowing inductance, with the aid of (4.33) it is possible to

refine value V. If disagreement proved to be more than 20-25% should

be introduced correction and anew calculated the space of ferrite core

(d, ,A).

)
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5. We find capacitance of capacitor in component/link of line

and line characteristic without ferrite:

C. t] (4.35)L 011= -- .,] 4.36)

Key: (1). f. (2). ohm.

6. Let us calculate optimum number of components/links of line

non, - k t0 q o,11 t,_b_, (4.37)
' M. 0I - me) -:

7. Delay time of line let us determine according to expression

-0 1. 0I -n -)

-- (1 1,3)fln yoV,' 1-- [eet. (4.38)

Key: (1). s.

8. We find line characteristic with ferrite

= I 01. (4.39)

Key: (1). ohm.

B. Teper' let us calculate line on the assumption that ferrite

core is assigned, i.e., type and sizes/dimensions of ferrite ring are

given. In this case the sequence of calculation is the following.
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1. Let us determine number of tucns per unit of average/mean

length of ferrite core (4.31)

10 S. f
Io~--~ ( -'f (m) slim m

Key: (1). +krhS/Ci

2. We find inductance of coil without core (4.34)

L = 4%2docPSoq2IO-' j'k1,

Key: (1). H.

where d0 , and S. are approximately taken equal to dcp and S, which are

given for the ferrite; we rate/estimate duty factor

L.- (L. + L2 + L,)
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3. Let us calculate time constant of component/link of line

without ferrite

4Id, S + 1 (4.40)
' R, I l V 109

where parameter k according to (4.24) is equal to

A-1,7 (I - ,no

The obtained value r, must be not more than 0,2 t12, it is otherwise )
necessary to select another core (smaller size/dimension).
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4. Let us determine capacitance of component/link and line

characteristic without ferrite:

T 20

5. We will obtain optimum number of components/links in line

(4.37)

nU.T -=-- k )1, 0.

6. We find delay time of line (4.38)

t.= I-+ ,3 -t I+ql [ce ']

Key: (1). s.

and it is checked line characteristic with ferrite (4.39)

P . =1-- '_ = R..

In the case of ferrites with right-angle hysteresis loop another

procedure of calculation [72] can be used. However, the method in

this case examined is applicable. Here during calculations it is

necessary to propose f(m0)-4.5 what is real for the majority of the

ferrites, which have right-angle hysteresis loop.

Example of calculation of forming line with ferrite. It is
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necessary to design the forming line for obtaining for its output of

current taper (voltage/stress), whose front must have a duration of 2

ns in the absence of oscillations on the apex/vertex.

Page 240.

Initial current taper by value 10 a has a duration of front 40 ns.

Line must be loaded to the resistor/resistance of 7S ohms.

Let there be ferrite rings of type VT-7 with outer diameter of 3

mm. This ferrite has data ,J1, mn0=O,9. M,1I70 and f(m.) it is possible

to take as equal to 4.5. Ferrite ring with an outer diameter of 3 mm

and an inside diameter of 2 mm has dp=0,25 cm and S=10-2 cm2.

Since sizes/dimensions of ferrite are already given, then

calculation must be conducted accordingly version, presented in

section "B".

1. We find number of turns per unit of average/mean length of

coil q through formula (4.31)
q= 0-1.4.5 [=8ect,

210--4,5
q 8 2.10- .10 - 18 aUM /c.11,

Key: (1). turns/cm.

then in all turns on the core

N qcdp= 18.3,14.0,25 14 611r.

Key: (1). L ..,
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2. We find inductance of coil L0 let us calculate from formula

(4.34):

Lo=40.,25. 10-.3,25.10.I0-'-=32,5.10- Z'Y

Key: (1). H.

Since core is tightly filled with turns, then it is possible to

place duty factor with equal to q=0.8.

3. Let us determine parameter k according to formula (4.24) and

time constant of component/link of line without ferrite (4.40):

k= 0,1.18.10 =0,59.
170.0,9.0,2

32,5 .. / I l .o('J'2" 1" -L 6,7. 10 - ceic.

Key: (1). s.

Since it proves to be that %= 0 ,2tb,, then calculation is continued.

4. We find capacitance of component/link C. and line

characteristic without ferrite p, through formulas (4.35) and (4.36):

45.10-10 (1)
32,5.10-' = 14 lip,

32.510-' (a)

Key: (1). pF. (2). ohm.
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5. Let us determine number of components/links in line according

to formula (4.37)
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fi 1 7. 1 - '-

6. Delay time of line t, we will obtain according to formula

(4.38)

t 1, 2.35.6,7. 10- 0,59 1-4 3 'H"(e K

Key: (1). ns.

7. It is checked value of line characteristic with ferrite

according to formula (4.39)

75,2

Key: (1). ohm.

Case of the large steepness of front.

When duration of formed front is approximately equal to smallest

possible time constant of component/link r. it is necessary to

consider discrete/digital structure of line. This case occurs with

shaping of the drop/jump with the minimum duration of front, i.e.,

with its maximum slope/transconductance. If the switch time of

ferrite makes it possible to obtain the required steepness of front,

it is necessary to select the time constant of the component/link r,

of minimum. For this it is necessary to take ferrite rings with the

minimal sizes, and the mounting of line must be carried out with the

smallest parasitic parameters. In these cases it is possible to

.. ....
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obtain the smallest constant value of time r., which proves to be

order 0.1 ns.

In this case calculation of line can be conducted as follows

[81]. First with the aid of the curve of Fig. 4.10b we select the

constant value of the time of component/link r., on the basis of the
of front at output of line t4,, and of permissible nonuniformity of

assigned to duration Aapex/vertex (value of oscillations) of shaped

pulse, characterized by relation where amplitude of

oscillations.

Page 242.

The duty factor n of coil with ferrite is selected tentatively and we

more precisely formulate subsequently. We further determine the

dimensionless parameter 0 O1 4J, Y (1 m, 2) o=2r.11,1- (I - m')

X, f (m.) (4.41)

and the value of relation "/ , where

Then with the aid of curves ./.,.-=f(k) (Fig. 4.8) we find

parameter k, which corresponds to point of intersection with straight

line ./,.=const with dependence %/=.-f(k), constructed for this value e.

Knowing k, it is possible to determine then a quantity of turns per

unit of the average/mean length of the coil

,,/, MA0I- Me)& eUMl (4.42)
q= 0.1, F71

Key: (1).
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We further determine sizes/dimensions of core (coil) and

inductance of coil according to formulas (4.32) and (4.34)

~.,R,, to'_:_ [c,,'1,

+

Key: (1). H.

rr
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-. -I--$ -- -

0.2 0

0 0.2 0.4 46 0.8 1.0 u o. 03 . o,5 4,6 .7

Fig. 4.10. Dependences -=(k) (a) and vt/ .m!I (b)
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Then, as during calculation of line, given for case of "A" of

this paragraph, we find following values:

C.- '02

nonT k
-

t 3 ,- 2non1 'io /i ± i/1,
p~po/I +1/k.

Period of available on apex/vertex oscillations of oscillations

can be found from expression (4.25). Fig. 4.10a gives graph/curve

T,./T-f(k), with the aid of which can be founi period of oscillations T

from the already known r, and k. Fig. 4.10b gives graph/curve

lf/=-f (lMOCIl), where I - maximum amplitude of oscillation.

Let us examine calculation of forming line when type and

sizes/dimensions of ferrite ring are already assigned. In this case
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it is first necessary to assign an exemplary/approximate quantity of

turns per unit of the average/mean length of coil, on the basis of the

formula
10 S.1, Wit tq.21

and to further determine the inductance of coil L, according to

formula (4.34). On the basis of the sizes/dimensions of core and

number of turns of coil N=qnd,,. we are assigned by value n and find

parameter k
M..q 0 - fit.)

Then we determine parameter

In assigned duration of front of drop/jump on output of line we

find
ICU-t /3.

Page 244.

It is further necessary to fit constant value of time of

component/link r,. For this, using graph/curve ;,,,,-jIk) and straight

line t,,"%==const (Fig. 4.8), we find this value of the parameter *-AT,,

in which straight/direct 1,/ ,,c=const and curved graph/curve ,0/,. /(k)

they will be crossed at the point, which corresponds to value of k

II I I ll I I i •
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obtained earlier. The matching condition of line with the load

Lo/.=,R1 ,(I + /k-' ,

is checked after thisi

Then according to formulas given above are determined values

C,, p,, nO and t,.

Let us examine example of calculation of line, intended for

obtaining on its output of current taper with large steepness of

front, when duration of front t+i,2 is commensurate with time constant

of component/link r..

Assume drop/jump in voltage/stress with front with duration of

0.4 ns is required to obtain 50 ohms on load. The nonuniformity of

apex/vertex must not exceed 10%, i.e., AI. . t the input current

taper is assigned by value 30 a for the duration of front i,,=15 ns.

A ferrite core of the type F-600 has ,no=0,57, A1 =280 G, S,,,.3.lo7 Oe*see,.

1. Through curve of Fig. 4.10b we find time constant

t,,=1.3.10-1" so

2. Assuming/setting n-0.8, we determine according to (4.41)

parameter

15 =_ 6,2 -.280.0,8.5.(1 - -0,32) 2i.-'

3. We obtain value of relation ,/,,, where f,, t/2,5:
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_1 _ ___0-16 0,82.
-, 4. I0- "

4. With the aid of curves of Fig. 4.8 on a and To/r,, we find

k-0.65.

5. We determine number of turns per unit of average/mean length

of coil according to formula (4.42)

280-0,8.,43.0,65 -.

(1, i .30 - ,

Key: (1). & uo,"jf v nr
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6. We design size/dimension of core
t ~t

1: 1 - "1. ,50.I 1 7 0055 cm ,
III IA(1, 0;

whence it follows that it is possible to take standard core with mean

diameter of ring d,, 6 i., Then the number of turns in the coil

S(I,

2,1.3,14.06 z416 1ura1

Key: (1). -farr'- ..t -I

7. We further determine values L.,, c,, p, nI.T, 13 according to

formulas, given above: L,, 40.4,4.,6004.10" 4,2.0-" In.. ,

c I 7ill2 (2
CO 4 4 _i)

9u -].: 1i -- 32,

32. I + i 50,5 R,' -- 50 O),
15. 10- . (4f)

(S)
,- 150).1,3.10- .1,.8 30 neCK.)
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Key: (1). H. (2). pF. (3). ohm. (4). components/links. (5).

ns.

8. Period of oscillations at apex/vertex is determined on curve

rig. 4.10a and by already found r, and k; we find T=4.3.10-1 0 s.

4.4. COAXIAL FORMING LINE WITH THE FERRITE FILLING.

If we conduct calculations for different types of ferrites, then

it follows of them that in forming lines in the form of multilink

artificial line it is possible to form/shape current tapers from ones

to thousands of amperes. In this case the duration of the front of

the- formed drop/jump can be from the units of nanoseconds to 0.1 ns.

Further decrease of the duration of front is hindered/hampered due to

the discrete/digital properties of this line.

Drops/jumps in voltage/stress (current) with large steepness of

front in the absence of oscillations on apex/vertex can be obtained in

distributed forming lines.

Page 246.

Construction/design of coaxial line with ferrite filling is most

advisable construction/design. Fig. 4.11 gives diagrammatic

representation of the coaxial forming line with the ferrite filling.

Are here ferrite rings arranged/located on the center conductor. The
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external surface of rings is isolated by dielectric (teflon,

polyethylene) from the external cylindrical conductor (copper

braid/cover of the type of the external braid/cover of coaxial

cables).

Since standard ferrite rings encompass only one center conductor

with current I, then for creation of necessary value of field H high

current, which reaches hundred amperes, is required. Furthermore, in

contrast to the artificial forming lines the geometric length of

coaxial line proves to be very considerable (from several meters to

several ten meters).

Since between rings of ferrite is air gap, then ionization of air

is created with high voltages and to insulation of line considerable

voltage/stress proves to be applied that it is possible to lead to

breakdown of line. Therefore the actual limitation of the maximum

steepness of the front of the formed/shaped drop/jump in the

voltage/stress (current) can begin not due to the properties of

ferrite, the switching time of which decreases with an increase in

magnetic field H, but due to the disturbance/breakdown of dielectric

strength of system. Therefore coaxial line sometimes is immersed in

the container with the transformer oil.

)
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Fig. 4.11. Diagrammatic representation of construction/design of

coaxial forming line with filling from ferrite rings.

Key: (1). Polyethylene. (2). Conductor. (3). Ferrite.
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Duration of front of drop/jump, formed/shaped in coaxial line

with thin layer of ferrite, in essence will be determined by magnetic

field strength, created by initial current taper, and by relaxation

properties of ferrite [783. This duration can be evaluated with the

aid of expression (4.19):
ft,, - -U f  0.

2oylI (.

Therefore during calculation of coaxial forming line first

according to assigned duration of front 102 and current I it is

expedient to determine sizes/dimensions of ferrite ring [80]

d, + d2 = 0,8 - 0,814,.,I 2 (ni.), (4.43)

wherect2 and d, - outside and inside diameters of ferrite ring.

Considering that value a for most adequate/approaching ferrites
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lies/rests within limits of 0.3-1, it is possible to record

d, + d.l+t (0,9-- t4.t'p ,

Knowing sizes/dimensions of ring (d. and Si), we determine

diameter of external wire

d = d, -2 h [c.jtj,

where h - thickness of the layer of insulation between ferrite and

external conductor of line, which is found from condition of

dielectric strength of dielectric

I R, t

where E,-- voltage of dielectric breakdown.

Page 248.

Matching condition of forming line with load is determined by

express ion
R121

I ( --m ) (d +i:) 0,21
i11-n -- - (4.44)

-- I - (j12~ i. 2

where e, and e, - respectively relative dielectric constant of

insulating layer and ferrite; qj - duty factor, which characterizes

leakage flux, whose value is approximately equal to

d2, - /

)A
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If left side of equality (4.44) differs from right not more than

by 10-15*, then with accuracy sufficient for practice matching

condition of line with load is considered carried out. In the case of

large disagreement it is necessary to assign to new values a. and d3,

when equality (4.43) remains valid and to again conduct calculations.

After ensuring equality (4.44), we determine length of forming

line
.I (I -m)(d, + d,) p-£-¢ ' (4.45)

where L and C - respectively inductance and capacitance of coaxial

line per unit of lengths in the absence of ferrite, which are

connected with dependence

LC 3 el , 2 
1n d2 + j I2i n

Calculations show that for impulse shaping of voltage/stress with

amplitude of 5 kV (on load of 50 ohms) and duration of front of about

1 ns with initial current taper I=100 a with duration of front of 50

ns line with rings of ferrite of type 0-1000 has length of

approximately 10 m [79].

Low permissible repetition frequency of formed/shaped pulses is

deficiency in all forming lines with ferrite (to 100 kHz). At the

high repetition frequency in the ferrite is isolated the considerable

heat, which raises its temperature, which deranges of line.
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Table 4.1 gives averaged parameters of ferrites: H, - coercive

force, Br - remanent induction, relation ,n0- magnetic moment0B.

of saturation, S, - switching coefficient, T, - values of Curie points

[82].

Page 249.

4.5. SPECIFIC CHARACTER OF OBTAINING SHOCK ELECTROMAGNETIC WAVES IN

THE LINES WITH THE FERROELECTRICS AND THE SEMICONDUCTORS.

It was above noted that mechanism of formation of shock

electromagnetic waves in lines with ferrite filling was valid and in

the case of formation of shock waves in lines with ferroelectrics and

semiconductors.

In the case of forming lines with ferrite it is possible to

obtain drops/jumps in voltare/stress with steep front and considerable

amplitude on low-resistance load. Obtaining steep edges in the

voltage/stress on the high-impedance load proves to be possible with

the aid of the shock electromagnetic waves, which are formed in the

lines with the ferroelectrics.

_)
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Table 4.1.

BT. I I ,' 25 2 o 57 2M0
i.r-2 (1,7 ' .15', j 0,9f 21 o, 59 270
BT-5 0, fil IIff ) 1 (1,45 :9I.-1 I0415
ir-C 4,7, I :2A (M 17' I, 46 /2,
BT-7 2,'o I 16 0$,; I;lh 0, 46 30d
K-28 1.4 2211 1 (92 III] (1,.' -

K-65 o.,,15 230 0, 0.9 )1 5 56
(I- lll 3,5 3 0: A ,7) Ml.' )3 -

I 0 ,.l) 1),5 56 21) '36 -

(Il-lill) A.I , () o t) 0 ,57 2 W. (" ,:0
o -€{: (,:6+ I : V V) 0,4.4 9, .. 23,.15

Key: (1). Type of ferrate. (2) ...O . (3) ... G. (4).

L L L L

Fig. 4.12. Artificial delay line on capacitors with ferroelectric.
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Here as forming line is utilized artificial delay line, which

consists of components/links, which contain coil of constant

inductance L and nonlinear capacitance (u), in the form of capacitors

with ferroelectric (Fig. 4.12). The dependence of capacitance value

of these capacitors from the voltage/stress is connected with the fact

that the dielectric constant of ferroelectric is the function of

electric intensity e-f(E) (such capacitors are called variconds).

During transmission of wave along this line its propagation

velocity grows/rises with increase in wave amplitude, since value of

dielectric constant falls from increase in modulus/module of strength
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of field E. Therefore just as in the line with the ferrite, during

the propagation of pulse along the line with the ferroelectric the

steepness of the pulse edge grows/rises also under specific conditions

can arise shock wave.

Steepness of edge of formed/shaped pulse is limited both due to

finite time of relaxation processes in ferroelectric (finite time of

switching) and due to dispersive properties of multilink transmission

line, i.e., due to finite value of time constant r,.

Relaxation time for some ferroelectrics proves to be order of

nanosecond with strength of field E of approximately hundred of

kilovolts to centimeter. This fact impedes the application of lines

with the ferroelectrics for the formation of nanosecond pulses. With

the work with very high voltage usually the breakdown in the line

begins earlier than it is possible to form the pulse edge by the

duration of the order of nanosecond. However, location line into the

container with the transformer oil at a high hydrostatic pressure

complicates the construction/design of system. However, under the

usual conditions it is possible to obtain drops/jumps in the

voltage/stress with the front by duration into several nanoseconds.

The permissible pulse repetition rate in this line reaches tens of

kilohertz.

Application bf forming lines with semiconductors is more

promising. This line is fulfilled in the form of the artificial delay

IL
I.
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line, which consists of the components/links with the constant

inductance L and a nonlinear capacitance of C(u) in the form of

semiconductor diodes (Fig. 4.13) [83].

Page 251.

It is known that in transition layers of semiconductors static

differential capacitance changes with change in value of applied

external voltage. Therefore in each component/link of line is

included/switched on semiconductor diode with the expressed nonlinear

capacitance (such diodes are occasionally referred to as varicaps).

The existing at present semiconductor diodes with the noticeable

nonlinear capacitance make it possible to obtain in the line shock

electromagnetic waves with a duration of front of approximately one

nanosecond with the voltage/stress of the transmitted pulses in all

into 10-30 V. In the case of applying the semiconductor materials

with the appropriate admixtures/impurities is possible obtaining the

diodes, which make it possible to form/shape in the line shock waves

with the front with duration into the hundredths of nanosecond. Lines

with the semiconductors make it possible to transmit pulses with the

repetition frequency to 10 MHz (but in the lines with the ferrite

approximately to 100 kHz).

If we compare method of formation of steep edges in current and

voltage/stress with the aid of shock electromagnetic waves with other

known methods (in diagrams with vacuum lamps, thyratrons and in

simplest circuits with nonlinear parameters), then it is possible to
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note that with the aid of shock waves are obtained drops/jumps with

slope/transconductance, greater approximately to two orders, than with

other methods.

4.6. METHODS OF OBTAINING THE PULSES FROM STEEP EDGES IN THE CURRENT

AND VOLTAGE/STRESS.

After obtaining with the aid of nonlinear line steep edges in

current (voltage/stress), it is possible then by usual methods to form

pulse with very steep front and shear/section. The minimum duration

of this pulse (at level 0.5 of amplitude) proves to be equal to the

duration of shock wave front.

.)
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tiLt

Fig. 4.13. Artificial delay line on semiconductors.
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Since duration of drop/jump, obtained at output of nonlinear

line, is always final, but its apex/vertex is not flat/plane, but it

is characterized by certain decay, then it is necessary to examine*

drop/jump in voltage/stress in the form of pulse, whose form is

depicted in Fig. 4.14a.

As it was already examined in Ehapter 3, for formation of

nanosecond pulse with very steep front it is possible to accumulate

two comparatively prolonged steep-sided pulses, but with

voltages/stresses of different polarity (Fig. 4.14b). tor obtaining

the pulse with the form, close to the rectangular, it is necessary to

utilize a small initial part of launched pulses. Then decay in the

apex/vertex of shaped pulse is very small, i.e. _U, 1.

For formation of nanosecond steep-sided pulse and by

shear/section it is possible to utilize short-circuited section of

coaxial line. Then one nonlinear line, which creates drop/jump with

the steep front, is required.

-i -



DOC - 88076714 PAGE

t

Fig. 4.14. Oscillograms of waves with impulse shaping from shock

electromagnetic waves: a) pulse from one line; b) pulses from two

lines; c) resulting pulse.
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In the case of two identical nonlinear lines the required pulse can be

obtained by addition on the total load of two steep edges, mixed in

the time relative to each other to the duration of formed/shaped pulse

t,,. In the second case it is possible to form the pulse of any

polarity.

Application of line with the short-circuited section.

In the case of use for impulse shaping of short-circuited section

of line T-shaped coupling of coaxial lines of transmission is used

(tee). In this case it is necessary to fit the wave impedance of its

separate sections (Fig. 4.15). Let the shock wave enter arm A, whose )
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wave impedance PA. Arm B is the short-circuited section with a

resistor/resistance of p,, arm B - output section of tee, its wave

impedance P3. -ft is necessary so to fit the wave impedance of sections

so that the wave reflected from the short circuit would compensate

wave in section B, i.e.
P..I P11PI; P., + P "

On input of section A drop/jump in voltage/stress is supplied

from load of nonlinear forming line (for example, artificial line from

L, C of components/links). This load, coordinated with the wave

impedance to nonlinear line with the ferrite, can be the wave

impedance of section A. In another version very section A of tee can

it is the nonlinear coaxial forming line, filled with ferrite.
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Fig. 4.15. Forming line in the form of coaxial tee.

Key: (1). input. (2). output.
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Then, if pulse duration at input of tee (in section A) is more

than doubled electrical length of short-circuited section t. then at

output of section B is formed/shaped pulse with duration t,, durations

of front and shear/section of which are equal to duration of shock

wave front.

Since input pulse has certain decay in apex/vertex, then small

overshoot will appear after superposition in section B after

shear/section of obtained pulse, since amplitudes of straight line and

reflected of pulses are somewhat different. During the guarantee of

condition A <I the amplitude of this overshoot is very small. The

amplitude of output pulse is determined by the expression

UBWX = USX _L"/ (I +I.)PA

where U. - pulse amplitude at the input of section A.

It is necessary to have in mind that at point 0 of tee appears

wave reflected, which is propagated in direction of input of tee.

This wave, after proving to be in the nonlinear forming line, can

. .,
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affect the value of the initial magnetic state of ferrite.

Application of two nonlinear forming lines.

It is sometimes necessary to obtain pulse of any polarity and

continuously adjustable duration. In these cases it is expedient to

utilize two nonlinear forming lines, in which are formed identical

stationary shock waves. The pulse of different polarity from both

lines comes the total load. Pulse initial for both nonlinear lines

can be undertaken from one generator (Fig. 4.16), to which the lines

are connected in parallel.
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Fig. 4.16. Pulse-shaping circuit with the aid of two coaxial lines

with ferrite filling.

Page 255.

In this case one of the line (for example, the coaxial line,

convoluted into the spiral) is connected so that the pulse from its

output has polarity opposite to the pulse, obtained from another line

(Fig. 4.16).

Necessary in time shift/shear of pulses at outputs of nonlinear

lines can be achieved/reached either via delay of launched pulse

before it it will enter input of one of nonlinear lines or via

constant magnetic biasing of ferrite, which fills line.

Delay time per unit of length of line with ferrite can be

determined according to formula

/'0 /iLoC '  (4.46)

where 11C, - average/mean magnetic permeability of ferrite, which is

changed under different initial conditions of its intensity of

magnetization.

)
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Due to direct current of magnetic biasing changes value iiij and,

therefore, delay time t,.. Depending on the length of line, using

standard ferrite rings with the right-angle hysteresis loop, it is

possible to change delay within considerable limits. Thus, in the

coaxial line with the length of 20 m delay can smoothly change to the

value to 100 ns.

However, application of magnetic biasing of ferrite can be reason

for certain instability of temporary situation of front of one

drop/jump relative to another, which will cause temporary/time

instability of pulse. The position of initial operating point on the

hysteresis loop of ferrite can fluctuate, and consequently, will

fluctuate and the moment/torque of the formation of shock wave, and

also to a certain extent and the steepness of its front.

Pulse-shaping circuit with two lines is generally to larger

degree subjected to unstable in operating time, than diagram with

short-circuited section. The fact is that the magnetic modes of

ferrites in two lines can be at the separate moments of time somewhat

different. As a result appears the fluctuation of the moment of

operation (formation of the wave front) of diagram at front and

shear/section of pulse. Instability in the case of applying the

coaxial forming lines, which work with the high currents, which lead

to an increase in the temperature of ferrite, is especially

noticeable.
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In all pulse-shaping circuits use of nonlinear lines it is

necessary to consider with possibility of onset of waves in

insufficiently matched sections of transmission lines reflected.

Multiple traversal of the echo pulses along the nonlinear line,

especially with their considerable amplitude, noticeably changes the

initial magnetic state of ferrite, i.e., changes the time of its delay

and increases the probability of the unstable work of the entire

diagram of formation. Therefore to the quality of the agreement of

nonlinear line it is necessary to focus proper attention.

Oscillator circuits with the nonlinear forming lines.

Fig. 4.17 gives one of possible schematics of construction of

generator of nanosecond pulses with nohlinear forming line on ferrites

[9]. Diagram contains start-up stages L,, L2, circuits for internal

and external synchronization, the cascade/stage of the formation of

initial current difference L, (on thyratron TGIl-35/3), the forming

line with the ferrite, and dual coaxial tee.

Start-up stages shape trigger pulse of thyratron diagram. The

steepness of front and the amplitude of trigger pulse must be

sufficient for guaranteeing the stable starting/launching of

thyratron. With the triggering/opening of thyratron reservoir

capacitor C, charged/loaded to the voltage/stress 3 kV, is discharged

through the thyratron and the circuit, which contains the forming line)

m n •nm m n ~ um mm mnanI
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on the ferrites. The value of current pulse can be regulated with the

aid of resistor/resistance of R1 .

Current pulse of discharge with initial duration of front of

about 12 ns with passage along nonlinear forming line causes in it

formation of shock wave, duration of front of which 0.8-1 ns

(depending on strength of current of launched pulse).

Nonlinear line is carried out in the form of artificial delay

line with constant capacitance of component/link, equal to 15 pF.

Inductance coils are wound on the ferrite rings of the type VT-6 with

an outside diameter of 1 mm. The number of turns of coil is equal to

12.
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Fig. 4.17. Oscillator circuit of nanosecond pulses with nonlinear

forming line.

Key: (1). kV. (2). Output of synchronizing pulses. (3). Output.
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Line contains 50 components/links. Line characteristic with the

ferrite equally to 75 ohms. On termination of line is formed voltage

difference with an amplitude of 1-1.6 kV (depending on the strength of

current of launched pulse) and the steepness of the front

1012-2.5.1012 V/s.

With maximum current in forming line output drop/jump has at

apex/vertex oscillation, which is about 15% of amplitude of drop/jump. )
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With reduction in current it is possible to decrease oscillation to

the insignificant value. For decreasing the parasitic parameters of

the components/links of its forming line they fulfill the form of

brass (silver-plated) plate with the cylindrical openings/apeitures

and the thin gashes on the edges (Fig. 4.18). Cylindrical rods are

placed in the openings/apertures, and between these rods and bore

surfaces runs dielectric film made from polytetrafluoroethylene or

polyethylene with a thickness of 0.1-0.2 mm. Cylindrical capacitors

for the components/links of line are thus formed. Between each of the

capacitors (distance between centers of which iS 5 mm) coils are

arranged/located on the ferrite rings. The length of the ends/leads

of the coils, soldered to the rods of capacitors, is not more than 2

.mm. This construction/design makes it possible to obtain the time

constant T of component/link without ferrite (or with the saturated

ferrite) on the order of 0.1-0.2 ns. Coaxial pairs are assembled at

the ends/leads of the line or coaxial cable is installed. With the

work with the increased voltage/stress the line can be placed into the

container with the transformer oil.

Voltage difference from forming line on ferrites enters through

coaxial cable to coaxial tee.
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Fig. 4.18. Form of partially mounted forming line with ferrite VT-6.
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In the case of using only one tee with short-circuited stub it is

possible to form the pulse of the desired duration (not less than the

duration of shock wave front) by changing the length of loop. If it

is necessary to form the pulse, whose duration is less than the

duration of shock wave front, then it is necessary to use two tees.

The electrical length of the loop of the first tee must be less than

half of the duration of shock wave front tf. But the electrical length

of the second loop must be still less. Using two tees, it is possible

in this diagram to obtain a bell-shaped pulse with a duration of 0.2-

0.3.ns (at the level of 0.5 amplitude values) with the amplitude

200-300 V.

For guaranteeing stable starting/launching of other diagrams or

high-speed/high-velocity oscillograph, with the aid of which is

observed obtained pulse, in generator is provided output of

synchronizing pulse. This pulse is removed/taken from the winding of

the ferrite ring, within which will pass the wire, which passes

current pulse from the thyratron diagram to the nonlinear forming

line. In this way removed the effect of the possible instability of
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functioning thyratron. Delay time of the forming line 25 ns. The

stability of functioning the forming line (stability of delay time) is

not worse than 0.01 ns [9].

Fig. 4.19 gives oscillator circuit, high-voltage nanosecond

pulses, in which are used two nonlinear coaxial forming lines [72].

A
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Fig. 4.19. Oscillator circuit with two nonlinear forming lines.

Key: (1). output.
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Here initial current pulse is formed/shaped with the thyratron

diagram, noncritical to the value of load, with two coaxial charge

lines 1, and 1. With the triggering/opening of thyratron as a result

of the discharge of lines 1,, and 1, to the input of the forming

coaxial lines with the ferrite filling 1, and i enters initial

current taper. The nonlinear forming line I., (convoluted into the

spiral) is simultaneously coaxial phase inverter.

At output of lines 1, and 1. are added two voltage gradients of

different polarity. As a result of what on termination (cable 1, with

the matched load) is formed/shaped the voltage pulse with the steep

front and the shear/section. The delay time of one of the lines is

selected less to value t, and shock wave from the output of this line

enters the load earlier. The part of the current of this wave will be

isolated on the load, while part will pass into the second line,

.)
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forming in the latter the shock wave, which is propagated towards the

shock wave of the second line. In the second line the addition of

these waves occurs. As a result through the time interval t. after

pulse arrival on the load from the first line enters the pulse, also,

from the second line of the same, the value, but the opposite

polarity. The appearance of a pulse from the second line causes the

formation of the shear/section of the output pulse, removed from the

load.

For obtaining initial current taper application of diagram of

formation, noncritical to value load (described in Chapter 3) provides

the necessary agreement of the forming lines with the thyratron

diagram. The wave impedance of the forming lines 1, and 1, in the

absence of the intensity of magnetization of ferrite p. is selected

equal to the wave impedance of the charge lines 1, and 12 of thyratron

diagram. Therefore all waves reflected, which appear at the

ends/leads of the forming lines in load, are passed into the charge

lines and they are further extinguished by matched impedances R,=P,.

Continuously variable control of duration of output pulse is

achieved by change in delay time of forming lines. For changing the

delay time, the circuit of magnetic biasing is provided. The current

of magnetic biasing from potentiometer R comes the input of lines.

Page 261.

The strength of current of the magnetic biasing of ferrites of one

'I
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line relative to current in another is changed by a change in the

position of the wiper of potentiometer R to one side or the other. As

a result change the delays of lines, and consequently, the pulse

duration and its polarity on termination can be changed.

Coaxial forming line is filled with ferrite rings of type VT-6

with outside diameter of 1 mm. In each line a difference in the

voltage of 5 kV for a duration of 1 ns is formed/shaped. The length

of each line is 25 m. Changing the strength of current of magnetic

biasing (from 0.5 to 1.4a), it is possible to ensure a change in the

delay of line to ±50 ns. The duration of output pulse (at level 0.5

of amplitude) is regulated in the limits of 1-100 ns. Permissible

pulse repetition rate to 1 kHz. The stability of the temporary

situation of pulse is not worse than the tenths of nanosecond.

)
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Chapter Five.

PULSING IN RC-CIRCUITS WITH FEEDBACK.

Formation of steep edges in voltage/stress is one of central

problems of pulse technique. For the solution of this problem in the

pulse technique of microsecond range are used relaxation oscillators:

multivibrators, start-up circuits, blocking oscillators and other

devices/equipment, which are positive-feedback circuits. In such

diagrams two different electrical modes or two different states of

equilibrium occur. Transition/junction from one state to another,

caused by external forces or action of internal reasons, is completed

in them so/such rapidly, that in the vibration theory these

transitions/junctions were called jumps, and oscillations themselves -

relaxation oscillations [84].

Concept of relaxation oscillations in connection with relaxation

oscillators (subsequently those briefly called relaxation

oscillators), fruitfully utilized in vibration theory, cannot be

accepted in nanosecond pulse technique, since it does not answer most

important for it question about transit time of relaxation oscillator

from one state of equilibrium into another. In order to determine

this time, called switch time, it is necessary to consider the effect

of the low parameters of circuit of relaxation oscillator - stray

capacitances, and sometimes also stray inductances, i.e. to consider
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the effect of precisely those elements, which does not take into

consideration the disruptive vibration theory.
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It is natural that account of effect of low parameters

substantially complicates determination of switch time of relaxation

oscillators, and therefore for simplification in problem they assume

that into switchings relaxation oscillator is linear amplifier,

included by positive feedback. The account of the nonlinear

properties of the tube of relaxation oscillator in the process of its

switching does not give any new qualitative results; moreover,

virtually the results of this investigation are depreciated by the

unavoidable spread of the parameters of tubes and parts [2, 85-87].

These facts served as reason for fact that nonlinear by their

nature pulse generators in nanosecond pulse technique are considered

as piecewise-linear systems, i.e., systems, whose phase space consists

of several fields; in each of such fields behavior of system it is

described by linear equations. The problem of the formation of pulse

oscillations in the nanosecond pulse technique is actually the problem

of conversion. After considering that the relaxation oscillator is

piecewise-linear system, it can consider the process of the formation

of pulse oscillation as the totality of the 'Linear transformations,

completed above the input oscillation in the separate regions of phase

space.

)
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These conversions are linear integral transforms. The integral

character of conversions is caused by the limitedness of the passband

of the devices/equipment, which realize a conversion. Specifically,

the limitation of the passband of linear system is the reason for the

final duration of the process of the transition/junction of relaxation

oscillator from one state to another. Because of this the

avalanche-like process of switching relaxation oscillator is completed

although sufficiently rapidly, not instantly. Since from the point of

view of nanosecond pulse technique in the work of relaxation

oscillator there is greatest interest in the precisely avalanche-like

process of transition/junction from one state of equilibrium to

another, it is expedient to begin the examination of the work of

relaxation oscillator precisely from this question.
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5.1. AVALANCHE-LIKE PROCESSES IN RELAXATION OSCILLATORS.

Let us define operator of conversion as linear integral operator

A t

where A - symbol of operator;

u.(t) - converted oscillation;

K(t) - transient response of converter.

In contrast to generally accepted fold of Riemann, fold of

Stieltjes is here used. The application of Stieltjes' integral frees
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function K(t) from the need for being differentiated, which is very

valuable when K(t) is discontinuous function. Another advantage of

the fold of Stieltjes is the fact that it does not require the

introduction of special conversion diagram - pulse transient function,

being limited only to transient response.

Linearized relaxation oscillator is quadrupole with feedback, at

input of which operates converted oscillation u.(t), and at output -

converted oscillation u(t), as shown in Fig. 5.1. Voltage/stress u(t)

is removed/taken from the output terminals and again is supplied to

the input for the conversion.

Fig. 5.1 depicts consecutive application of voltage of feedback

into input circuit of relaxation oscillator. In practice together

with series circuit widely is used the parallel diagram of supply. It

is easy to show that the parallel diagram of supply can be brought to

the consecutive. For this purpose let us turn to Fig. 5.2. Fig. 5.2a

depicts the parallel diagram of supply to feedback into input circuit,

while in Fig. 5.2b - the equivalent diagram of input circuit. Here

(g- emf of the source of the converted oscillation; R - its internal

resistor/resistance; (YK - equivalent emf. of K-circuit; RK - its

output resistance; RKo - input resistance of K-circuit.

)
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Fig. 5.1. Block diagram of relaxation oscillator with consecutive

feedback.

Key: (1). K-circuit.
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Since K-circuit is nonautonomous quadrupole, then its equivalent emf

is caused by the action of voltage/stress on its input. In steady

state of emf it is equal to the product of voltage on the input of

K-circuit on its transmission factor.

Let us determine voltage/stress, which operates at input of

K-circuit. This voltage/stress is equal to the sum of the currents,

developed by electromotive forces (:, and 8K in resistor/resistance

R,,,, multiplied by the value of this resistor/resistance. After

producing the necessary computations, let us find that the voltage on

the input of K-circuit will be determined as follows;

-ll + OgC,
where

RARKO RiRNO
= aRKORjo+R^RA R Ro+ R :R ,RKo

Let us designate u0 =.43, .
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Value u0 is voltage/stress, which operates at input of K-circuit

and developed by sour.e ?,, and u - voltage/stress of feedback, which

operates in the same section.

Resulting voltage on input of K-circuit

it ,,(t) = uo (t) + u (t) (5.1)

where for parallel diagram u.(t) and u(t) they are defined in the

manner that it was indicated earlier, and for consecutive - these

voltages/stresses present converted oscillation and output

oscillation.
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Fig 5.2. Block diagram of relaxation oscillator with parallel

feedback (a) and equivalent diagram of input circuit (b).

Key: (1). K-circuit.
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On the basis of expression (5.1) via simple translation the parallel

diagram of application of voltage it is possible to lead to the

consecutive.

Let us designate through K(t) transient response of K-circuit,

then
t

U() IsX (t - E) dK ( ). (5.2)
0

Output voltage/stress is to roll of voltage/stress, which

operates at input of K-circuit and transient response. Substituting

(5.2) and (5.1), we obtain the integral equation of Volterra of the

2nd order:

uRI () - (1- ) dK (~) = u, (t), (5.3)
0

solution of which let us record in the form of the series/row of
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Neumann-Liouville:

n.=1

where tu,. ,(t= E U, -Q _. d)Kt,, -, (Z)
a

there is the oscillation, which completed (n-l)-th circulation on

internal circuit of relaxation oscillator, and Kt--li) - iterated

transient response of K-circuit:
KIt)- K (t),

Kin -- yt)= S- Ki"-2 (t -) dK' (;).
0

Subsequently we will write/record expression for transient

response of K-circuit of relaxation oscillator in the form

K(t)=K.M(t), where K, - maximum value, and M(t) -

standardized/normalized transient response, swing M(t)=l. In this

case
,Kin--I == K:-'MIn-'I(t).
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Solution of integral equation can be also represented in the form
I

u.N ) = Uo (I - E) d1'P (t), (5.4)

where I',(t) - resolvent [6], which let us record as

)
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K 'MI-'I t).(5.5)

n=1

Assuming/setting in (5.4) u,(t)-l(t), we obtain, that resolvent

of integral equation is transient response of relaxation oscillator,

in reference to its input, i.e. voltage/stress, which appears at input

of relaxation oscillator in the case, when from without is supplied

single voltage gradient:

A z1 (t) = ,N K:n-' ,"-I (1). (5.6)

As it follows from this expression, voltage on input of

relaxation oscillator is composed from infinite number of components.

First of them is a-single voltage gradient, supplied to the input of

relaxation oscillator [when n=1 Ml0 (t)-l=(01, and all subsequent are

recurrent voltage/stress. In turn, recurrent voltage/stress consists

of the infinite number of iterated transient responses of K-circuit.

It is known from theory of integral equations that series/row

(5.6) converges regularly on t, if derivative M'(t) is final [88].

Let us assume that swing K.M'(t)=v, then for the iterated transient

responses of K-circuit we will have the following

evaluations/estimates:
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K, M ' (I) %E!!- 

t (t)

KO Mm' (1) Al/l'] y --- E M, (E) 2!.- .

II

. . . . . . . . . . . . . o. . . . . . .. . . .
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These inequalities mean that iterated transient responses of

K-circuit of relaxation oscillator not with what n and t will exceed

in their change in value (v')n/n!

Let us name/call expressions, which are in right side of

inequality, maximum iterated transient responses of K-circuit and will

designate them through K.(I) then

Let us determine, with what values of effective time lag of

oscillation t, maximum transient responses reach single, level, for

which let us solve equation

n!

whence we will obtain

Let us assume that v=10' Hz. (As it will be shown further,

Sv=C- there is a quality of tube in the diagram). Then the time,
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spent by the iterated transient response for achievement of single

level, is 1.00 ns for n-1; 1.41 ns - for n-2; 1.82 ns - for n-3; 2.21

ns - for n-4; 2.63 ns - for n-5 and so forth.

Maximum iterated transient responses reach single level faster,

the lower index of iteration.

A

As it follows of aforesaid earlier, K,(t) is transient response
A

of K-circuit of relaxation oscillator, K,(t) - transient response of

two series-connected K-circuits, K,(t) - transient response of three

series-connected circuits, etc.
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Value t.,,, shows, to what period delays pulse right-angled oscillation

with passage of one, two, three and more than once on K-circuit of

relaxation oscillator. The greater the number of circulations

oscillation completed, the later it reaches fixed level, in particular

single level.

Effective time lag of oscillation, which passes to K-circuit, is

caused by fact that reaction rate of K-circuit to effect of form of

unit function is final on condition. The presence of this time lag is

explained, why the sum of the infinite number of iterated transient

responses of K-circuit, which generates the transient response of

relaxation oscillator, in reference to its input circuit, is finite.

Each subsequent component of voltage on the input of relaxation
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oscillator appears somewhat later than preceding/previous; in this

case at the initial moments of time the intensity of components with

the large numbers immeasurably lower than intensity of components with

the small numbers.

Obviously, this fact has vital importance during solution of

question about rate of increase of transient response of relaxation

oscillator and time of its switching. -he greater the time of

effective time lag, the more slowly the grid voltage of tube increases

and the greater the switch time.

Let us introduce maximum transient response of relaxation

oscillator

Y *1

n=I

After substituting into this expression value K,(j), we will

obtain

A11  (I) e". (5.7)

Maximum transient response of relaxation oscillator, in reference

to circuit of grid (5.7), makes following sense. This characteristic

shows, how there can be the maximum value of grid voltage of the first

tube of relaxation oscillator at any moment of time during the

supplying to its input of a single voltage gradient in the linear

system, the maximum speed of the reaction of internal circuit of which .)
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is limited by value P.
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No real transient response of relaxation oscillator can increase more

rapidly than maximum transient response.

As is known, process of transition/junction of relaxation

oscillator from one state of equilibrium into another is

avalanche-like [36]. Equation (5.7) expresses the maximum law of

avalanche-like process. It is easy to see that in the limiting case

in question the function and all its derivatives at any moment of time

have identical sign. The process, described by function e- in the

natural science is called the process of organic increase/growth. The

process of organic increase/growth - this is such process, during

which rate of change in any value is proportional to the most changing

value. At the initial moments of the time, when the changing value is

low, its change is completed with the low speed; with an increase in

the changing value grows/rises the rate, with which occurs this

increase. This property of the processes of organic increase/growth

has vital importance for the evaluation of the role of avalanche-like

process in the formation of the front of the pulse oscillations,

developed by relaxation oscillators.

Absolute value of voltage/stress, attained up to any moment of

time on grid of tube of relaxation oscillatcr, depends on value of

very moment of time and on value of quality of tube P. In the last
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decade the quality of tubes increased in all several times, whereas

the duration of operating pulses decreased to more than thousands of

times. After considering that value Pt, (where t, - time, during

which actively it is utilized avalanche-like process) for the

relaxation oscillators of nanosecond range 1000 times less than for

the relaxation oscillators of microsecond range, we will obtain that

in the microsecond range the effectiveness of the use of an avalanche-

like process is e'000 times more than in the nanosecond pulse

technique. In the majority of the schematics of microsecond pulse

generators the time, occupied by avalanche-like process, is so/such

small, that it can be disregarded/neglected in comparison with the

time of the charge of output capacitance, which determines the

duration of the pulse edge. In other words, in many diagrams of

microsecond range the switch time of current in the tube can be

cofisidered equal to zero.
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In the diagrams of nanosecond range in view of the low effectiveness

of avalanche-like process the switch time of relaxation oscillators is

relatively more in the sense of its portion in entire time of shaping

of the pulse edge.

In nanosecond relaxation oscillators use of avalanche- like

processes is very frequently ineffective, and therefore in many

instances for obtaining steep-sided pulses are used diagrams, in which

avalanche-like processes are absent, for example amplifier-limiters
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and recirculators. In order to determine the role of avalanche-like

processes in the diagrams of nanosecond relaxation oscillators, let us

produce the following calculations.

We will call relaxation oscillator I those relaxation

oscillators, whose transient response takes form el', and by relaxation

oscillator II relaxation oscillators, which have unlimited transient

response, for example characteristic of form ch Vt. It is obvious

that with any j e'>chvt. Then we record

('PeJiaKcaTop I I PeiaKcaTOp I1

AS. () = ell AS (t) = cli vt.

Key: (1). Relaxation oscillator ....

Under actual conditions input voltage cannot take form of unit

function. In the first approximation, it is possible to consider that

the voltage on the input changes according to the linear law

Uo(,tt.

In this case voltage on input of K-circuit taking into account

action of feedback will be located with the aid of fold

uSX(I) u(t -) d,%d).

Substituting in this expression of value for u.(t) and A.,(t) and

producing necessary computations, we obtain
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UX (t) . 1) u (1)= - sh vt. (5.8)
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In order to rate/estimate gain, attained due to introduction to

positive feedback, we will use value

(P1) u. (1)(t) -- ".i) '

which can be represented in the form

X sh(x) = e, - i s, ( x) -
x

where x=vt - dimensionless time.

Plotted function p(x) is given in Fig. 5.3. Its examination

makes it possible to draw a number of conclusions relative to the

effectiveness of avalanche-like processes in the relaxation

oscillators, which work in the nanosecond range.

It is obvious that application of positive feedback is little

effective, if given by it gain in value of voltage on input of

relaxation oscillator comprises less than 50%.

.)
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Fig. 5.3. Plotted function p(x).
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(Let us note that with this increase in the grid voltage of tube the

gain in the decrease of the duration of the pulse edge at the output

will be considerably smaller percentage). For relaxation oscillator

to this I section of curve corresponds x50.85. Let us accept value v

of the equal to 10' Hz. Then to the value x indicated will correspond

time t,50.85 ns. This time can be named the time lag of feedback in

the relaxation oscillator.

Gain, attained in increase in grid voltage of tube of relaxation

oscillator at fixed/recorded t, is defined by value P, which is, as it
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was already said to re, by quality of tube in diagram of relaxation

oscillator. With P=10' Hz and t=1 ns in an increase in the grid

voltage for relaxation oscillator I will be 1.7, and at t=l ms this

gain reaches e''3 . The character of the process of organic

increase/growth in the nanosecond and microsecond ranges is this

greatly distinguished.

5.2. SWITCHING TIME OF RELAXATION OSCILLATORS.

Let us turn now directly to determination of switch time of

relaxation oscillators. By switch time of relaxation oscillator is

understood the time, during which the relaxation oscillator passes of

one state of electrical equilibrium into another, for example from the

state, when tube is completely opened and through it flows current I0,

to-the state, when tube is closed and the current through it is equal

to zero. Let us assume that the drop/jump between the states

indicated is realized when grid voltage of the first tube of

relaxation oscillator changes to value E., called subsequently the

solution/opening of grid characteristic. If in the diagram of

relaxation oscillator feedback was absent, then during the supplying

to its input of linearly increasing voltage/stress switch time would

be equal to t. (Fig. 5.4). Under such conditions work, in particular,

limiters. In the presence of feedback and caused by it avalanche-like

increase of grid voltage of the first tube of relaxation oscillator,

the switch time decreases to value t. The essential shortening of

switch time, attained due to the introduction to feedback, served as
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the reason for the wide use of such diagrams in the pulse technique of

microsecond range.

. . . .. I l| 1:
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Switch time can be found from relationship/ratio

uN (in) = L..

After using formulas (5.8), let us find that

V3)PeaagcaTop I 0P13aKcaTOp II

i= - In (1 +v 0) 1=-Arsh vt0,

Key: (1). Relaxation oscillator.

where
to E.

a

there is the time, during which the linearly increasing voltage/stress

changes to value E.. Let us rewrite the second formula in the more

convenient for the calculations form. As is known,

Arsh x=In(X +V1+),

on the basis of what

I [vt+t V k -- + /T T (VU]'l

Let-us introduce value

.

showing the ratio of the switch time of relaxation oscillator to time

to:

In I - I. + A)
X, X

where x.=vt0 . .)
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Fig. 5.4. Determination of switch time of relaxation oscillator.
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Fig. 5.5 depicts plotted functions e(x.) for relaxation

oscillators I and II. They show, as decreases the switch time of

relaxation oscillator as a result of the introduction to positive

feedback. Assuming/setting v=const, it is possible to consider that

along the axis of abscissas is plotted time to. In particular, in

v=10' Hz to point x.=l correspond t0=l ns.

Graphs/curves show that effective decrease of switch time It

occurs only if time to is sufficiently great. However, gain in the

switch time, attained due to the introduction to feedback, is small

for the majority of the diagrams of nanosecond range of sizes. (This

concerns only the latter/last cascodes of the diagrams, where to the

conversion are subject the pulses of nanosecond duration).
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Fig. 5.5. Dependence of relative switch time t. of relaxation

oscillator on value t,, which characterizes quality of tube.
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It is possible to establish on the basis of given earlier (in

Fig. 5.3) graph/curve that with positive feedback in a circuit made

with a tube with Y=10' Hz, grid voltage of tube of relaxation

oscillator I increases up to moment of time t=3 ns 6 times. The

graph/curve, given in Fig. 5.5, shows that the switch time in this

case decreases a little larger than twice in comparison with the case,

when feedback is absent.

5.3. DURATION OF PULSE EDGES AT OUTPUT OF RELAXATION OSCILLATORS.

Switch time of relaxation oscillator does not determine

completely duration of pulse edge at its output. It determines only
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the duration of the front of current, which takes place through the

tube. However, as far as the duration of the front of voltage/stress

on the load is concerned, it depends substantially on the properties

of output circuit.

Let us assume that output circuit of relaxation oscillator is

integrating component/link as this shown in Fig. 5.6a. The same

figure depicts the equivalent diagram of output circuit. In order to

find output potential of relaxation oscillator, we will use the fold

(t) = - K. fuII (I - E ) dK,( ). (5.9)
0
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Fig. 5.6. output circuit of relaxation oscill ator (a) and its

equivalent diagram (b).
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Here transient response of output circuit

R, (t)c f - ,(.0
K, e

and TCoR,, - time constant of integrating circuit, where R, -

resistor/resistance of plate load, and C, - stray capacitance, which

shunts load. Factor of amplification of K-circuit K0=SR,, (S - mutual

conductance of tube at the operating point).

For determining u(t) there is no need for using exact expression

for ,,( it necessarily only for computing switch time. Further

examination of process can be produced, assuing that the voltage on

h))

Fheig. 56p Otucrut of relaxation oscillator (a)ge andrin iotlashw

Here~lny L trnin repos of oupu circuit

it (5.1)

a GR tui wr

reitrrssac fpaela, n .- srycpctne hc
shnsla. Fco fapiiain fKcrutKZSh S-mta
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Latter/last expression indicates also that

u~ at -M 0
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Fig. 5.7. Approximation of grid voltage of relaxation oscillator.
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Substituting (5.11) and (5.10) in (5.9), we obtain after

computation
[ ( -mII t -- (0 i< ,,, (5.12a)

t_. ] ( > t,), (5.126)
r

where amplitude of temporary voltage on anode of tube

UmaKc = KoEo.

It follows from written expressions that up to moment/torque of

end of process of switching output potential of relaxation oscillator

attains value

u(xn) Uac [I- e- ],

where

X n
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and at t-- it approaches Ua 4 c

Graphs/curves of anode voltage are given on Fig. 5.8 for two

cases: xn=O and xn=1.
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Fig. 5.8. Form of output potential of relaxation oscillator with

different values of parameter

Page 279.

In the first case the value of the switch time of relaxation

oscillator is negligible in comparison with the time constant of

output circuit. Output potential in this case increases according to

the lawL

U () ujbtalc(l - e %)

reaching 90% of its steady-state value for th~e duration of front

1,,=2,3%. In the second case the switch time is equal to constant equal

to the time constant of output circuit and output potential is

described by formulas (5.12), in which one should assume ' i

o /ill)
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Duration of front 1, of output voltage/stress can be found from

condition

I XUUuac l- - - (el.,_ 1)eT- -- ,9UMaKC,

whence
t*=g"--OI = ' (2,3+ en " l

First term in this formula is rise time of output potential of

relaxation oscillator in the case, when switch time it is equal to

zero, and second term - elongation of front due to finite time of

switching. When x.=O we have t0=2,3r, while when x,=.1 we obtain

t4= 2,8T.

Fig. 5.9 gives dependence of relation . on x., with the aid of

which it is possible to determine duration of front of output pulses

with known values t. and r. Graph/curve shows that the conventional

approximation formula for the duration of the edges of pulses t,=-2,3%

[89] is valid only when switch time is small in comparison with the

time constant of output circuit.

In preceding/previous section it was established that presence of

positive feedback in relaxation oscillator of I with quality tube 10'

Hz decreases switch time of relaxation oscillator approximately two

times (namely, 2.15 times).
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Let the time constant of output circuit 7 be equal to the switch time

of diagram with the extended feedback loop, i.e. is equal to t.. The

duration of the pulse edge in this case, as soon as which was

established, it composes 2.8 r. If due to the introduction to

positive feedback switch time decreased 2.15 times, then this will

lead to the fact that the duration of front decreases to 2.5 r, i.e.,

it will be lowered only by 11%. This gain will be still less at a

larger value of the ratio of the time constant of output circuit to

the switch time. The given numerals show that the action of feedback

in the nanosecond range little effective, which more narrowly was

discussed above. Therefore in the final stages of the conversion of

the pulses, in which the.pulse duration is short they usually place

not relaxation oscillators, but amplifier-limiters.

Presence of positive feedback in final stages of peakers of

pulses is undesirably also for following reasons. During the

amplification of very narrow pulses in such diagrams the time lag of

the voltage/stress, which enters from the feedback loop the grid of

relaxation oscillator, is observed. The pulse, which arrives from the

feedback loop, proves to be somewhat displaced with respect to the

pulse, which entered the input of relaxation oscillator for the

conversion.

.)
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Fig. 5.9. Dependence of relativity of duration of front from

parameter s-

Page 281.

As a result of this bias/displacement the resulting pulse on the grid

of tube seemingly is expanded, what is negative moment/torque in the

device/equipment, intended for pulse shortening.

All these deficiencies in positive-feedback circuits are greater,

the shorter the duration of converted pulses. Therefore similar

diagrams should be considered little promising for the work in the

range of very narrow pulses.

5.4. CONSECUTIVE PEAKING IN RELAXATION OSCILLATOR CIRCUITS.

Shaping of very short pulses or pulses with very steep fronts in

single-stage relaxation oscillators is not always attained. For

example, at the rate of the starting voltage/stress, characterized by

I[

-I
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value t,=l ms, even in the tube with the quality 10' Hz switch time

will be 6.9 ns, and the duration of the pulse edge is still more. In

order to obtain possible narrow pulses, relaxation oscillators

frequently connect up consecutive chains/networks. Each subsequent

relaxation oscillator is started in this case by pulses with the

steeper front than preceding/previous. Because of this at the network

output, the steepness of the pulse edges is more than at the input.

It should be noted that the method of consecutive peaking gives

improvement only when in the process of the consecutive

starting/launching of relaxat'ion oscillators switch time decreases.

Let us assume that at input of chain/network from Q of identical

relaxation oscillators operates linearly increasing voltage/stress

Then, as it was shown in second section of present chapter,

switch time of relaxation oscillator I (with chain connection, as a

rrle, are utilized relaxation oscillators I)

x,=:1n(1 +xo),

where x.=yI; V

Page 282.

For switch time output potential of first relaxation oscillator

will cha'nge according to the law

)



DOC = 88076716 PAGE N/

u, () = EoKo t o_]'

reaching up to moment of time t==ta, of value

E,, I - -e " -e1
U, to Eoo 1 !=Eo * 1- x, ,

since 7j

S

X1 ___a a,~ C*,=TR.= S R- a o-

We linearize voltage/stress u,(t), after assuming

U, U,

Then switch time of second relaxation oscillator

where

x
'C.

Graph/curve of this function is shown in Fig. 5.10 ($.)-1 when

X -- oo; virtually this value can be considered close, to one when -- 10.

7.e K.

Page 283.
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During time t,, output potential of second relaxation oscillator

increases according to the law

U (t) =.EoKo [ti till! ,

reaching up to moment of time t. of value

EK.

We linearize this voltage/stress, after assuming

In this case switch time of third relaxation oscillator

)
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Fig. 5.10. Plotted function O(X/Ko).
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Continuing this operation further,. we will obtain

XQX K, K

Fig. 5.11 gives dependences of dimensionless switch time on

number of relaxation oscillators in chain/network, constructed for

different values of factor of amplification F.. The examination of

these graphs/curves shows that with an increase in the number of

relaxation oscillators the dimensionless switch time decreases,

approaching a certain limit. Switch time reaches limiting value

sooner, the greater the rate of the increase of the converted

I - - -m mmmmmmm m mii
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voltage/stress and the greater the factor of amplification K0.

It is physically easy to explain, why triggering time does not

decrease unlimitedly with time of ripening of number of

cascades/stages. Let us assume that the switch time in the q

cascade/stage decreased to zero; then rise time of voltage on its

output is 2.3 r and, therefore, the switch time of the (q+l)-th

cascade/stage will be certain. This means that in the presence of

stray capacitance in output circuit the switch time not with what q

can become zero.

In order to find steady-state value of switch time, i.e., value

of switch time in q relaxation oscillator with q,--, let us enter as

follows. In steady state

XQ Xq+a X*
,

where x- indicates the stationary value x.

For determination ,* we will use formula (5.13), into which

instead of xQ_, let us substitute value x*

x*=In (*X*

mode this equation relatively x*. Let us substitute in it value

(Q ,we convert and will obtain

)+ 

X .
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in tnoz
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Fig. 5.11. Dependence of relative switch time on number of relaxation

oscillators in chain/network with different values of K.
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Numerical solution of this equation with respect to x* is given

in Table 5.1.

A' =2i
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On the basis of this table it is possible to consider in the

first approximation, that with sufficiently high amplification factor

steady-state value of dimensionless switch time of relaxation

oscillator x*!l

!tn --.

Switch time cannot be less than value of reverse/inverse v (i.e.

value, reverse/inverse quality of tube). Thus, with 7=10' Hz *

ns.

5.5. RELAXATION OSCILLATORS BUILT ON TUBES WITH SECONDARY EMISSION.

In preceding/previous sections of present chapter analysis of

work of relaxation oscillators was conducted on the basis of known

transient responses of these relaxation oscillators and volt-ampere

characteristics of tubes irrespectively of concrete/specific diagrams

of relaxation oscillators. Let us examine now the diagrams -f

relaxation oscillators, beginning from the single-tube diagrams,

assembled on the tubes with the secondary emission.

As was shown earlier, switch time of relaxation oscillators and

duration of pulse edges at their outputs depend substantially on

quality of tubes utilized in relaxation oscillators. The problem of

increasing the quality of tubes without a considerable increase in the

current density on the cathode and a decrease of the distance between

.)
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the cathode and the grid proved to be resolvable under the condition

for use in the tubes of the phenomencn of secondary emission.

Furthermore, the presence in these tubes of the special electrode,

which possesses the ability to emit secondary electrons, offers the

new possibilities of the construction of the oscillator circuits of

pulses.
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Table 5.1.

A* 2 4 6 1 U 2

X* 1.230 1,180 J1,140 1,120 1,115 1,114~ 1,113

Page 287.

Diagrammatic representation of one of the types of tubes with the

secondary emission is given in Fig. 5.12.

Work of tube with secondary emission occurs as follows.

Electronic flux, being headed from the cathode toward the anode, falls

on dynode, being under higher potential, and dislodges/chases from it

the flow of the secondary electrons, which are fixed to the anode,

which has an even larger potential. The internal surface of dynode is

covered with the layer of the substance, which has secondary-emission

coefficient o>l. Because of this anode current is more than cathode a

once (if we do not consider the current of screen grid).

Tubes with secondary emission possess a series/row of special

features in comparison with usual tubes. First of all, as already

mentioned above, they they have high quality. For the tubes with the

secondary emission the ratio of mutual conductance of tube to the grid

capacitance - cathode ash once is more than for the tubes, which do not

use the phenomenon of secondary emission.
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Second special feature of tubes with secondary emission consists

in the fact that current of dynode has opposite direction in

comparison with current of anode, i.e., in external current circuit

flows from dynode. Because of this voltage/stress on the dynode and

the grid they prove to be cophasal that it makes it possible to obtain

positive feedback in single-tube track layout application of voltage

from the dynode to the grid through isolating capacitor.

Third special feature of tubes with secondary emission lies in

the fact that current of anode of these tubes can considerably exceed

current of cathode. This fact makes it possible to obtain positive

feedback by means of the connection of the anode with the cathode

through the coupling capacitor.
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Fig. 5.12. Diagrammatic representation of tube with secondary

emission: 1 - cathode; 2 - control electrode; 3 - screen grid; 4

focusing electrode; 5 - dynode - electrode, which emits secondary

electrons; 6 - anode.
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Tubes with secondary emission can be used in most diverse

oscillator circuits of pulses; however, most specific for them are

single-tube transformerless diagrams which were discussed above. Two

versions of the diagrams of relaxation oscillators on the tubes with

the secondary emission are given in Fig. 5.13. The first diagram

(Fig. 5.13a) is diagram with a dynode-grid connection/communication,

and the second (Fig. 5.13b) - diagram with the anode-cathode

connection/communication.

Let us examine work of diagram with dynode-grid

connection/communication (work of second diagram and its advantage

approximately the same as in the first).
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Diagram of relaxation oscillator, given in Fig. 5.13a, can work

both in mode of self-excitation and in mode of waiting relay in

dependence on bias voltage, supplied to control electrode. From the

point of view of obtaining possible narrow pulses, there is greatest

interest in the second case, when relaxation oscillator works as

peaker.

As can be seen from figure, positive voltage of source, which

feeds dynode, is applied to it through resistor/resistance RA.
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Fig. 5.13. Diagrams of relaxation oscillators on tubes with sezondary

emission: a) with dynode-grid connection; b) with anode-cathode

connection.
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This resistor/resistance is analogous with anodic resistor/resistance

in the usual schematic of multivibrator. It is selected sufficiently

high value so that the factor of amplification of dynode circuit would

be more than one and diagram could be self-excited. Alternating

voltage from the dynode through isolating capacitor Ce,, is supplied to

control electrode of tube. Capacitancevalue of isolating capacitor

defines the duration of the pulses generatable in the diagram

similarly, as it takes place in the blocking oscillator. Leakage

resistance of grid is large enough that it would not shunt the dynode

resistor/resistance. The value of this resistor/resistance together

with the capacitance of isolating capacitor determines the period of

oscillations of generator in the mode of auto-oscillations.

.)
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Let us pause at some special features of tube in diagram of

relaxation oscillator. The current of dynode is the difference

between the currents of cathode and anode of the tube

'A - iN--_ 'a,

and since the current of the anode as a result of the phenomenon of

secondary emission is more than the current of cathode, then the

current of dynode flows in the opposite direction in comparison with

the current of the anode. If in external circuit anode current flows

to the anode, then in the dynode circuit the current flows from the

dynode. Voltage on the anode of tube when there is a load on the

anode circuit is always lower than supply voltage by the value of the

voltage drop across load. However, voltage on the dynode when there

is a load on the dynode circuit is always greater than the voltage of

the source which feeds this circuit. With an increase in the grid

voltage, the dynode current grows/rises in absolute value and the

voltage/stress on the dynode grows/rises because of this, i.e.,

voltages/stresses on the dynode and the grid prove to be cophasal.

For self-excitation of oscillations in the relaxation circuit

based on a tube with secondary emission and a dynode-grid connection,

besides cophasality of the voltages on the dynode and the grid, it is

necessary for the transmission gain the closed feedback loop to be

greater than one. This is accomplished, first of all, by having the

value of resistor/resistance in the dynode circuit be great enough,

which was already discussed above. Furthermore, in the diagram they

try to obtain the coefficient of feedback, i.e., the transmission gain
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from the dynode to the grid, close to one.

Page 290.

This is reached with the aid of the sufficiently great capacity of

isolating capacitor (capacitance of isolating capacitor it must be

much more than the input capacitance of tube).

For analysis of work of generator on tube with secondary emission

we will use characteristic, which expresses dependence of

voltage/stress on dynode from voltage/stress on control electrode

(Fig. 5.14). Dynode voltage/stress is product of dynode current to

load resistance/resistor and therefore reflects/represents shape of

the curve of dynode current. Dynode current appears with a certain

negative voltage/stress on control electrode - cutoff voltage on the

dynode circuit. The build-up of dynode current occurs with an

increase in.the voltage on control electrode until the phenomenon of

the redistribution of the cathode current between the dynode and

control electrode sets in. With further increase in the grid voltage

dynode current decreases due to the phenomenon indicated.

On the same graph/curve are given straight lines of feedback for

two end positions, which correspond to moments/torques of "jumps" of

current. The straight line of feedback is the dependence of voltage

on control electrode on the voltage on the dynode. With the.

sufficiently great capacity of isolating capacitor when the

coefficient of feedback can be considered cual to one, the straight

",-- -mm mnmm u m m nnununlm m m m •)
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line of feedback will pass at angle of 450 (with the equality of

scales along the coordinate axes).
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Fig. 5.14. Analysis of relaxation oscillator on tube with secondary

emission.

Page 291.

Examination of work of relaxation oscillator let us begin from

that moment/torque when tube it is closed and in diagram occurs

capacitor discharge. The process of capacitor discharge lasts until

tube is opened and operating point falls on that section of the dynode

characteristic, where the slope/transconductance is sufficient so that

in the diagram the condition of self-excitation would be satisfied.

At this moment the transmission gain on the closed loop of feedback

becomes equal to one and in the diagram appears avalanche-like

process. Operating point abruptly passes from position A to position

B. In actuality this process occurs during finite time due to the

unavoidable parasitic circuit parameters,

\ ,



4-77
DOC = 88076716 PAGE 'N'

After operating point falls into position B, in diagram process

of charge of separating capacitance begins with grid current of tube.

As a result of special feature of dynode current noted earlier, the

voltage/stress on the dynode is more than supply voltage, so that with

the charge of capacitor acquires the potential difference, which

exceeds the voltage of source. As a result of charge of capacitor the

grid voltage is gradually decreased, in consequence of which the

operating point passes in the section of characteristic with the large

slope/transconductance. At point C mutual conductance becomes

sufficient so that the transmission factor on the closed loop of

feedback would become more than one, and in the diagram appears the

reverse avalanche-like process, which rapidly leads to the closing of

tube. Thus, capacitance value of isolating capacitor determines time

between the straight line and the reverse/inverse by avalanche-like

processes, i.e., the pulse duration.

After closing of tube in circuit, which contains

resistors/resistances R, and R, begins capacitor discharge. Although

in the discharge circuit of capacitor is contained the source of

dynode voltage E;,, as has already been indicated, voltage across

capacitor at the beginning of the process of discharge is more than

supply voltage of dynode. Discharge time is determined by the time

constant of this circuit, i.e. virtually with the value of the product

of the capacitance of isolating capacitor to leakage resistance.

Page 292.
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With a certain approximation/approach it is possible to consider that

this time determines the period of oscillations of the relaxation

oscillator (when the oscillatory period much more than the pulse

duration).

Anode circuit of tube, as follows from description of work of

diagram given above, does not participate in process of impulse

shaping, but it is utilized only for their amplification.

5.6. ANALYSIS OF OPERATION OF RELAXATION OSCILLATOR BASED ON TUBE

WITH SECONDARY EMISSION.

Let us now move on to analysis of work of relaxation oscillator

ontube with secondary emission, beginning from investigation of

process of switching. For this we linearize the characteristic of

tube in section AC, after replacing with its line segment. Let us

assume that the starting voltage on the grid of tube is given in the

form of unit function. Then grid voltage

tic W)=1(t) + uA(t), (5.14)

where UA() - alternating voltage on the dynode.

In turn,

uA (t)= u(t - E)dK (E), (5.15)

where K(t) - transient response of amplifier, formed by dynode part of
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diagram:

u (t) - voltage/stress on control electrode.
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R j
Fig. 5.15. Equivalent diagram of output circuit of relaxation

oscillator.
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Equivalent diagram matic of this amplifier is shown in Fig. 5.15,

where Si -- slope/transconductance of dynode characteristic; C. - stray

capacitance, back-out resistor of R; R - resistance/resistor of load

of dynode (taking into account by-passing of section grid - cathode of

tube ).

Substituting (5.15) in (5.14), we obtain integral equation of

Volterra of 2nd order:

Uuc E.)- d" (l- ) K (E) I()

solution of which takes form

U.(t) = () + K,, (1),

where K,,(1) - transient response n of series-connected K-circuits.

According to equivalent diagram

I)
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K (I):- K.(1 .e'J)

where KO- S4R, CoR.

In order to find transient response of n series- connected

K-circuits, it is necessary to realize (n-l)-fold convolution of K(t).

The result of this operation, as is known, can be represented in the

form [90]

K,, (1 =:A o K ~ -q " I - e,

This formula is equation of transient response of n-stage

resistance-coupled amplifier or result of n-fold passage of

voltage/stress of stepped form through one amplifier stage.

Substituting this expression into the solution of integral equation,

we obtain
00I -k 

] ( 4 ',

(I) -- K

-1 (0-t -,[ _. 1
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Setting K,>>, we will have

SI

where V=c. (5.16)

By definition, u,(t)=A(i) since at input of relaxation oscillator

single voltage gradient acts. It follows from formula (5.16) that the

pulse generator on the tube with secondary emission is relaxation

oscillator I (when K,>>l).

Conclusions drawn above make it possible to use for timing of

switching relaxation oscillator to tube with secondary emission and

duration of pulse edges, generated by this relaxation oscillator,

formulas, derived earlier in S 5.2 and 5.3.

Let us turn now to question about determination of duration of

pulses, generated by single-tube diagrams on tubes with secondary

emission. For this purpose will examine first the oscillograms of

electrode voltages of tube in the diagram of relaxation oscillator.

These oscillograms are given in Fig. 5.16. The first oscillogram

(Fig. 5.16a) shows the law of a change in the grid voltage of tube.
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Fig. 5.16. Voltage oscillograms on elements of network of relaxation

oscillator on tube with secondary emission: a) on grid; b) on dynode.
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The grid voltage of tube is negative at point in time t=0 and it is

less than the cutoff voltage EL,,,, At the moment of time t=0 in the

diagram appears the avalanche-like process, as a result of which the

grid voltage of tube during the small interval of time rises to value

V!,. At subsequent points in time shaping of pulse apex occurs. The

pulse apex of grid voltage has a decay, which is obtained due to an

increase in the voltage/stress on capacitance c.,, with its charge by



DOC = 88076717 PAGE

grid currents. Up to the moment/torque of the termination of the

flat/plane part of the pulse the grid voltage of tube falls to value

Uc 2.

Second oscillogram (Fig. 5.16b) presents dependence of dynode

voltage/stress from time. It is characteristic for it that the pulse

apex on the dynode has a lift. This lift is caused by the special

feature of the work of tube with the secondary emission, which

consists in the fact that the current of dynode in external circuit

flows from the dynode, and therefore in the presence of load in the

dynode branch circuit on the dynode grows/rises with an increase in

the dynode current. The third oscillogram presents the law of a

change in the voltage/stress on the coupling capacitor.
a

In order to determine duration of flat/plane part of pulse

(knowing this, as well duration of front and shear/section of pulse,

makes it possible to determine pulse duration at any level), let us

allow some idealizations. Let us assume that the current of dynode

does not depend on the value of dynode voltage/stress. Let us assume

also that during shaping of pulse apex the current of dynode does not

depend on voltage/stress on control electrode. The input resistance

of section grid - cathode we will consider constant.

It is obvious that in this system in process of formation of

flat/plane part of pulse grid voltage of tube will decrease

exponentially:

)
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where U,1 - maximum grid voltage, which occurs with t=t, (see Fig.

5.16);

r, - time constant of charge of capacitor.

Page 296.

Time constant 73 is equal to product of capacitance of isolating

capacitor to total resistance of circuit of charge, which consists of

series-connected resistance/resistors of dynode load and

resistor/resistance of section grid - cathode of conducting tube:

% - CcR..,,

R- RA + r .

Time, required for decreasing grid voltage from value Uc, to

value L'.2, let us find from condition

'U

whence [i] .

Detailed study of generator on tube with secondary emission was

carried out into [91], where was given following formula for

determining pulse duration:
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where %,(a,p) - certain function of parameters a and 13, represented in

Fig. 5.17.

In turn,

P= A see

E: A liC -EA1 9&n*

Here EAsaU - cutoff voltage of dynode current; E,.,, - voltage/stress,

with which dynode current achieves saturation /A'Rc; EHac-En. the

absolute difference between the saturation voltages and cutoff.

Relation 1.80/(EC.50-EAM.) is equal to the averaged

slope/transconductance of dynode characteristic SA, so that the

parameter 3 plays the role of the factor of amplification of dynode

circuit.

Page 297.

(Value R- the resistance/resistor of the load of dynode

circuit).

In (91] is given also formula for determining minimum duration of

pulses (at level 0.5), which is determined by stray capacitances of

diagram and by value of load resistance/resistor:

'-I, ..= (2 -*-5,2)RCo,

where c 0=C,+Ca. - sum of parasitic grid capacitances and dynode.

)



, DOC = 88076717 PAGE

Different values of coefficient in formula are caused by varied

conditions of starting/launching.

Analysis given above makes it possible to determine procedure of

engineering of relaxation oscillators on tube with secondary emission.

In the nanosecond pulse technique these generators, as a rule, work as

the peakers of previously formed oscillations, i.e., are used for

increasing the steepness of the pulse edges. In connection with this

calculation let us begin from the determination of the duration of

fronts and impulse steepness, developed by relaxation oscillators.

Let us accept as initial value for calculation steepness of front

of starting voltage a. Then the switch time of tube with the extended

loop of feedback t,=E./a, where E0 - value of the opening of the

idealized characteristic of tube i;.=(U). Let us find the switch time

of relaxation oscillator taking into account the action of feedback

from the formula

wee(I +I),

where v=-.
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Fig. 5.17. Plotted function
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Here S,, - slope/transconductance of idealized characteristic

l,-=f(U). and C0 - total stray capacitance, which shunts dynode

resistor/resistance.

Duration of pulse edges at output of relaxation oscillator

ne x

'UU

where , CR.

After determining parameter x. in known values r and t., let us

find t,,.

Pulse amplitude at output of relaxation oscillator (considering

that voltage/stress is removed/taken from dynode resistor/resistance)

)
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where , - saturation current of diode, determined from idealized

characteristic.

Here it is thought that characteristic is taken/removed in pulsed

operation. Average/mean steepness of the edge of the pulses

so =0,9 .

Coefficient of 0.9 is undertaken here because for time to of

output potential of relaxation oscillator it increases to value 0.9 U.

Pulse duration at output of relaxation oscillator can be

determintd according to formula (5.17). Since Elac 0, then

essentially it is possible to consider that a-3. Knowing this value,

according to the graph/curve, given on Fig. 5.17, it is possible to

find that with /3=6 (upper curve) ,,=9,4, with p=3 (average/mean curve)

,c,=4,4 and with =2 (lower curve) -c=0,4. The pulse duration obtained

is greater, the greater the factor of amplification of diagram, well

known property of all relaxation oscillators.

Period of oscillations of relaxation oscillator, which works in

mode of peaking, is equal to period of converted oscillations. In the

mode of auto-oscillations recovery time of relaxation oscillator can

be calculated by the formulas, proposed by Ya. S. Itskhoki [1].
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As has already been spoken, relaxation oscillators sometimes are

connected up chains/networks for consecutive peaking. The calculation

of similar chains/networks can be performed on the basis of the

graphs/curves, given in Fig. 5.11. On these graphs/curves,

constructed for different factors of amplification K., is shown the

dependence of the logarithm of dimensionless switch time x=tv on the

number of relaxation oscillators in chain/network Q. As the parameter

is accepted value x, - the dimensionless switch time of one relaxation

oscillator. The series connection of relaxation oscillators is

expedient only if in the process of consecutive peaking the decrease

of the switch time of diagram occurs. It follows from the

graphs/curves that with K,=10 and x,=10 3 is expedient to take the

chain/network, which consists of four relaxation oscillators (counting

the first, the switch time of which is equal x'), when x,=101 -

chain/network of three relaxation oscillators and when x,=10 -

chain/network of two relaxation oscillators.

Order of calculation of chain/network of relaxation oscillators

can be following. After accepting known value x. for the first

relaxation oscillator, we find the time of its switching through the

formula
-,, I ± nfl ixo),

and the switch time of the second and subsequent relaxation

oscillators - according to formula (5.13), where (x/K.) is given by

.)
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the graph/curve, given in Fig. 5.10.

If t,,2 is considerably less than t,,,, then should be determined

switch time of third relaxation oscillator, the fourth, etc., until

switch time ceases substantially to decrease. After determining thus

tentatively the number of relaxation oscillators Q, should be found

the duration of the pulse edges at the output of latter/last and

next-to-last relaxation oscillators. If t4)Q noticeably differs from

then the number of relaxation oscillators is selected correctly,

but if these values differ little from each other, then the number of

relaxation oscillators in the chain/network must be decreased by one

and repeated the same operation again until it is noticeable that the

decrease of the number of relaxation oscillators by one leads to the
a

considerable elongation of the pulse edge.
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5.7. DIAGRAMS OF RELAXATION OSCILLATORS BUILT ON TUBES WITH SECONDARY

EMISSION.

Diagram of relaxation oscillator on tube with secondary emission,

whose analysis was given above, is experimentally investigated [92].

All data of the entering the diagram elements are cited in Fig. 5.18a.

Diagram was assembled on tube EFP-60, which has the following

parameters: E,=250 V, E:,=250 V, E,= -2 , I.=20 Ma, S.=25 mA/V,

S:,=17 mA/V, C,,,=9,2 pF, C....=6 pF, C.,..;=11 pF. Diagram worked in the

stagnation mode, which was achieved by the supply of negative
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voltage/stress on control electrode of tube. Diagram was started up

by positive pulses with an amplitude of 6 V, supplied to the grid

circuit through the small separating capacitance. The duration of the

generatable pulses changed by changing capacitance value of block

capacitor C. Output pulse was removed/taken from the load, connected

to anode circuit. The load resistance/resistor composed only of 10

ohms, and the amplitude of the current, which flows through the load,

reached la. The pulse rise-time was equal to 10 ns, i.e., the

steepness of front composed 10' V/s. The maximum value of the pulse

of dynode voltage was 200 V.
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Fig. 5.18. Practical diagrams on tubes with secondary emission: a)

with dynode-grid connection/communication; b) with anode-cathode

connection/communication.

Key: (I). V. (2). Output. (3). Input.
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Oscillator circuit of pulses on tube with secondary emission,

which has connection/communication anode - cathode, is investigated

into [93]. In the simplified form this relaxation oscillator is

depicted in Fig. 1.18b; are there given the values of the entering the

diagram elements. Generator was assembled on tube EFP-60.

Work of this generator occurs as follows. In the initial state

the tube is closed on control electrode by the source of negative

voltage. Trigger pulse of positive polarity with an amplitude of 5 V

enters control electrode and is opened/disclosed tube. The absence of

the connection of control electrode with the dynode is a difference in

this oscillator circuit from preceding/previous. Consequently, to the
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input capacitance of tube the output capacitance of dynode is not

added. Thereby relaxation oscillator can be started from the pulsed

source with high output resistance, than in the preceding case.

When tube is open due to presence of positive feedback,

avalanche-like build-up/growth of anode current will be begun.

Simultaneously a sharp drop in the anode voltage on the dynode occurs

with this in the diagram. Rate of voltage rise on the dynode is

determined by the quality of the dynode part of the tube and is of the

order of 10' V/s. Output voltage/stress is removed/taken from the

dynode and has the same polarity, as the starting voltage/stress. The

build-up/growth of anode current, as in the preceding case, it is

limited due to the redistribution of the cathode current between the

anode and the grid.

Pulse generator on.tubes with secondary emission was investigated

into [91]. The schematic diagram of this generator is given in Fig.

5.19. Trigger pulses are fed/conducted to the grid of the first tube

with the secondary emission, which works as amplifier. The intensive

pulses of negative polarity enter the cathode of the second tube,

which is strictly feedback oscillator dynode - grid. In initial state

both tubes are closed by the bias voltage, introduced into the grid

circuit.

Anode of first tube is connected with cathode of the second

through capacitance so that when positive trigger pulse enters grid of

-------------,-r4
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first tube, voltage on cathode of second tube will be negative.
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In the cathode circuit of the second tube there is diode 1N98,"

designation/purpose of which is the maintenance of large cathode

impedance until trigger pulse transfers tube from the closed state

into open. The duration of the pulses, generated by diagram, is

regulated by a change in the capacitance of the

connection/communication between the dynode and the grid within the

limits from 25 ns to 12.5 Ms. Output pulse is removed/taken from the

anode of the third tube. The pulse amplitude is equal to 17 V, and

maximum repetition frequency 10 MHz.

L. S. Bartenev (94] proposed for decreasing time of formation

of pulse edge to replace in diagrams by tubes with secondary emission

linear coupling capacitor nonlinear (by varicond). Fig. 5.20 shows

two oscillator circuits with a dynode-grid (a) and with the

anode-cathode (b) connection/communication. The equivalent schematic

of these generators is depicted in Fig. 5.21.

.1
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On this diagram p, - the load resistance/resistor in the circuit of

dynode (or the anode); p,. - resistor/resistance of drain circuit, the

considering resistor/resistance of section grid - cathode with the

positive grid voltages in the diagram (Fig. 5.20a); for the diagram
(Fig. 5.20b) . there is input resistance of cathode circuit; C., -

stray capacitance dynode - the earth/ground (or the anode - the

earth/ground); C., - parasitic grid capacitance - earth/ground; R -

anode resistance in the section dynode - cathode (or the anode -
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cathode).

Coupling capacitor c.,, is delivered in such conditions, with

which its capacitance sharply decreases in process of formation of

pulse edge.
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Because of this the effect of grid circuit on the dynode (Fig. 5.20a)

substantially decreases, decreases the current strength, which is

branched/shunted into the grid circuit and is accelerated the charge

of stray capacitance C,,. The steepness of the edge of the pulse of

dynode voltage/stress is more than in the diagrams with the constant

capacitance of connection/communication. In the process of the

formation of the shear/section of pulse capacitance c,, increases,

which leads to an increase in the duration of the shear/section of

pulse. Since average/mean (for the time of the pulse duration)

capacitance of nonlinear capacitor is lower than the capacitance

capacitor constant (when cno(=!Cne with t=0), then the pulse duration

in the diagrams with the nonlinear capacitors is obtained somewhat

less than in the diagram with capacitor constant of

connection/communication.
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Fig. 5.20. Oscillator circuits with nonlinear capacitance: a) with

dynode-grid connection; b) with anode-cathode connection;

Key: (1) . J .
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Fig. 5.21. Equivalent oscillator circuit with nonlinear capacitance.
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Replacement capacitor constant of connection/communication by

variable, without complicating substantially oscillator circuit, gives

gain in the steepness of the front of output pulse on 20-25%, which

was confirmed by experiment.

5.8. RELAXATION OSCILLATORS OF TYPE OF MULTIVIBRATOR.

_ )
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By relaxation oscillators of type of multivibrator here are

understood usual schematics of multivibrators, reactive/jet start-up

circuits, diagrams, which contain supplementary tube, etc. Twin-tube

rheostat re-generative amplifier is the basis of these diagrams.

Relaxation oscillators of the type of multivibrator in the technology

of nanosecond pulses are of interest mainly as the sources of voltage

gradients with the steep fronts, which make it possible as a result of

the subsequent conversions to obtain the pulses of short duration.

Let us examine processes, which occur in schematic 6f

multivibrator during its switching. The designations, accepted

subsequently, they are shown in Fig. 5.22. During the supplying to

the grid of the first tube of the multivibrator of a single voltage

gradient, the voltage on it will be

A (t) = 1 (1) + K. (), (5.18)

where K,,/) - transient response n of the series-connected K-circuits.
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Fig. 5.22. Schematic diagram of multivibrator.
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In case in question transient response of K-circuit is transient

response of two-stage resistance-coupled amplifier

where Ko=-SRa; -= CoR,.

Realizing (n-l)--fold fold, we will obtain

2a -1

kF T

Substituting (5.19) in (5.18) and producing addition, we obtain

A, (t) 1 (K) 2 Ke

With K,>>l this expression takes form

Ac () = ch vt.

)
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Multivibrator and diagrams with K>>1 allied to it relate to

relaxation oscillators II.

Calculation of duration of pulse edges, developed by relaxation

oscillator II, can be performed in the same order, that also in the

case of relaxation oscillator I, only switch time should be designed

from formula ____In_ Vt.+ / l + (t.) .

Let us give example of calculation of duration of pulse edges at

input of relaxation oscillator II on tubes 6Zh9P, for which S=18.5

mA/V, C.-18 pF, so that v=10' Hz. Let us assume

(I)t, ,ie 1 101 1 2I 1 10,

K1f ceK] 1 7,6 1 5,2 1 3,0.Key: (1). ns.

We accept anodic resistor/resistance to equal to 100 ohms

(condition of self-excitation in this case it is fulfilled), then

r,=i,s ns and auxiliary parameter

X, 1 4,2 j 2,9 1 1,7.
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To these values x. corresponds duration of front
,it

to ['cK 90 1 7,2 15,6.

Key: (1). ns.

When E, - ,- 150 V into current of anode of tube 6Zh9P it is 45 mA.

The pulse amplitude on the load in this case there will be 4.5 V, and

the steepness of the edges of the pulses

60,
S ' i 0,30.I0)" 10,62-10-10,8 0.

Key: (1). V/s.

Is increased load resistance/resistor to 1 kilohms, then a=18

ns and parameter

.- 0,42 1 0,29 0,17.

In this case i=2,3t=42 ns independent of r. The pulse amplitude

at the output will be equal to 45 V, and the steepness of their fronts

rises to 1.07.10' V/s.

As can be seen from this example, increase in pulse amplitude

with increase in load occurs more rapidly than increase of duration of

front. This phenomenon occurs only until the time constant of output

circuit is low or one value with the switch time of relaxation

oscillator. When x,, it becomes less than one, the steepness of the

pulse edges at the output in practice reaches its maximum value and
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with further increase in the load resistance/resistor it does not

grow/rise. With the short switch time the duration of the pulse edges

at the output is determined in essence of the time constant of output

circuit, namely t1.=2,3t However, the steepness of fronts in this case

,-. 0,39 jk'-=o:3

depends only on the ratio of the anode current of tube (when E,=O) to

stray capacitance and it does not depend on the load

resistance/resistor.

As it was said above, with short switch time duration of pulse

edges is determined in essence of time constant of output circuit. In

order to raise the steepness of the pulse edges at the output of

schematics of the type of multivibrator, there was proposed [95] to

carry out a charge of the output tube through the tube with the

secondary emission.

(m
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For this purpose in parallel to output tube is connected tube

with secondary emission in the manner that this is shown in Fig. 5.23.

Dynode L, is connected to anode La, and the anode - to the power

supply. Control grid of tube with secondary emission is grounded, and

resistor/resistance is connected to cathode. The cathode of the third

tube is connected with the anode of the first tube through the

transient capacitance.

Work of this diagram occurs as follows. When the first tube

opens, voltage on its anode falls. Negative drop in the voltage from

the anode of the first tube falls on the grid of the second tube and

cuts off it. Simultaneously the same voltage/stress enters the

cathode of the third tube and opens this tube. In the circuit the

stray capacitance which shunts the load of the secod tube, begins to

be charged. This capacitance is charged not only through the

resistance/resistor of load R,2 from the power supply, but also

through the resistor/resistance of section the anode - dynode of the

third tube. Since the second resistor/resistance much less R,2,

capacitance is charged considerably more rapid than in the schematic

of usual multivibrator despite the fact that the value of stray

capacitance in the described diagram increases due to the capacitance

of dynode.

)
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Fig. 5.23. Application of tube with secondary emission in schematic

of multivibrator for accelerating charge of stray capacitances.
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Since additional path besides path through load

resistance/resistor is created for charging capacitance, this

resistor/resistance can be made as large as desiied without damage for

duration of pulse edges. Therefore the schematics of the

multivibrators, in which besides usual tubes are used the tubes with

the secondary emission, make it possible to obtain pulses

high-amplitude.

Triggering/opening of second tube occurs at moment of formation

of shear/section of pulses in diagram. Voltaae on its anode falls and
its negative drop/jump cuts off the first of tube. In turn, the

closing of the first tube leads to an increase in the voltage on its

anode. A positive drop/jump in the anode voltage enters the cathode

of the third tube and cuts off it. Thus, in the process of the
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formation of the shear/section of pulse the third tube does not

participate. The capacitance, which shunts the load of output

(second) tube, is discharged through this tube. The pulse edge in

this diagram is steeper/more abrupt than shear/section, since the time

constant of the circuit of charge proves to be less than the time

constant of discharge circuit.

Results of experimental study of series/row of schematics of

multivibrators, which use tubes with secondary emission, are given in

[96]. One df the diagrams is depicted in Fig. 5.24.

)
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Fig. 5.24. Schematic of multivibrator, which contains tube with

secondary emission.
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It differs from the diagram, proposed by Craybill in that here the

grid of tube with the secondary emission is directly connected to the

grid of the first tube. The principle of the operation of diagram

remains the same. The load resistance/resistor in the diagram was

undertaken equal to 100 kilohms. Diagram worked at frequencies of

pulse repetition to 30 kHz. :ATable 5.2 are given the results of the

experimental investigation of this diagram. Here F,,, - time, necessary

for the increase of voltage/stress to 1 V (value, inverse of impedance

of the pulse edge). Since measuring meter introduced supplementary

capacitance into the diagram, then data for Ft,,, were cited taking

into account the effect only of the self-capacitance of the diagrams,

i.e., data, which would be observed in the presence of ideal measuring

meter.

Considerably best results were obtained upon start of tube with
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secondary emission according to diagram, shown in Fig. 5.25. In this

diagram is achieved/reached the decrease of stray capacitance, which

shunts the plate load of output tube, fact that the anode of the

second tube on is connected with the grid of the first tube. Thus,

stray capacitance proved to be reduced by the value of input

capacitance of the first tube. During the use of tubes EFP-60 in this

diagram were obtained the results, given inTable 5.3.

~)
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Table 5.2.

*ce~r *

400 160 175 11 I0-1 5.8 10-1*
470 225 147 6,5 m-0 °  3,4 10-10
540 2(A0 118 4,G M-1 23 10-10
f;15 :130 118 3,5 lf - '* 1,8 O-I.
690 37o 118 3,2 10-"0 1,65 10-"1

Key: (1) ... , V. (2) ... , ns. (3). s.

Table 5.3.

I (~)

.100t 27,() 145 5 1 0 J 3 I 1-'0
47o :140 120 3,5 10-1' 1,8 Ith - o
540 :375 82, 2.3 1 - '0  1,2 10-' 0

115 445 78 1, mO ,95 1f)-'O

Key: (1) . .. , V. (2) . .. , ns. (3). s.
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Besides diagrams, in which tubes with secondary emission are

utilized for accelerating charge of output capacitance, widely are

used diagrams, in which such tubes serve for starting/launching of

diagrams, assembled on usual tubes, for example for starting/launching

of diagrams of multivibrators, blocking oscillators, etc. Application

of tubes with the secondary emission for these purposes gives

noticeable gain.

Fig. 5.26 and 5.27 give two schematics of multivibrators,

investigated into [97]. Multivibrator is assembled on the tubes 6J6,
(
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equivalent 6N15P. As separative element in the first diagram are

utilized the batteries, and secondly - gas-filled diodes of the type

5651.

A

21
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Fig. 5.25. Improved schematic of multivibrator, which contains tube

with secondary emission.
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Fig. 5.26. First schematic of multivibrator with starting/launching

from generator on tubes with secondary emission.

Key: (1). VI. (2). Input.
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For the starting/launching of diagram are utilized the tubes with

secondary emission EFP-60. The absence of condensers as separative

elements makes it possible to substantially reduce the duration of the

generatable pulses. Thus, in the first diagram the duration of the

generatable pulses is 5 ns, and in second 2 ns. The minimum time,

which divides two pulses and characteristic triggering times of

diagram, comprises for both diagrams 50 ns; therefore diagrams can

work with the high repetition frequencies, which reach to 1 MHz and

limited only by dissipated power on the electrodes of tubes. The

amplitude of output pulses is obtained about 15 V.
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It is indicated in [95], that in diagram, assembled on tube EL-41

and tube with secondary emission EFP-60 it is possible to obtain

pulses with steepness of front of 1010 V/s. The pulse amplitudes in

this case were limited to the permissible value of electrode voltage.

In the described diagram with supply voltage of 700 V it is possible

to obtain the amplitude of pulses of 400 V.
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Fig. 5.27. Second schematic of multivibrator with starting/launching

from generator on tubes with secondary emission.

Key: (1). V. (2). Input.
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Let us conduct calculation of steepness of pulse edges at output

of this diagram, assuming that first two tubes in it - 6Zh9P, and

third tube - 6VlP. In the pulsed operation the current of the anode

6V1P is 1 o. when .,,=500 V and E,=150 V, which makes it possible to

consider the resistor/resistance of section anode - dynode for the

equal to 350 ohms. Stray capacitance, which shunts the load of output

tube, is approximately equal to 18 pF. Then switch time at different

starting velocities comprises, as this was calculated earlier,

I iHce,] 1 I 5,2 13,0.

Key: (1). ns.

)
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For r=350 ohms x18.10' f =6.3 ns, the parameter

x. 1 1,210,83 10,48.

Whence duration of front

tO 6cei 1 181 16 1 15.

Key: (1). ns.

Amplitude of output pulses is determined by permissible value of

drop/jump in electrode voltage of tubes. Assuming that this drop/jump

can be 200 V, we obtain, that the steepness of the pulse edges at the

output of diagram will be 100 V/s.

Schematic of multivibrator, which generates pulses of nanosecond

duration, is given in [98).
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Fig. 5.28. Application of cathode follower in schematic of

multivibrator.
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With the best fulfillment of diagram and during the use of tubes with

the high quality, the multivibrators make it possible to obtain pulses

by duration to 100 ns. In order to decrease the pulse duration, it is

proposed to supply the cathode follower in the coupling circuit (Fig.

5.28). In this case two advantages are obtained. First, the

capacitance which shunts the resistor of the plate load of the first

tube decreases, since cathode follower has considerably smaller input

capacitance than the second tube of multivibrator, whose load is

connected to the anode. In the second place, the grid circuit of the

second tube is low-resistance, since leakage resistance of the grid of

the second tube in this case is equal to the input resistance of

cathode follower. The decrease of resistor/resistance is useful in

that sense, that in this case decreases the ill effect of capacitance



DOC = 88076718 PAGE

Ca, of the second tube. The diagram of cathode follower can be

improved by the installation of supplementary tube (Fig. 5.29).

Anodes of both tubes cophasally are controlled by input voltage.

Therefore besides the decrease of capacitance Co, of lower triode,

which occurs in the usual diagram of cathode follower, decreases

capacitance Cac (also in lower triode), which also facilitates the

work of the first tube of multivibrator.

To schematic of multivibrator must be premised forming

cascade/stage, which develops trigger pulse. The oscillator circuit

of pulses is given in Fig. 5.30. Trigger pulses are supplied to the

grid L,., and are amplified by this tube. Diode in the grid circuit

L,', serves in order to limit the pulse amplitude. In order to remove

the effect of the start-up stage on the work of multivibrator, the

capacitance of connection/communication must be very small (in the

diagram 10 pF).
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Fig. 5.29. Improved diagram for decoupling of input and output tubes

in multivibrator.
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O5.
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Fig. 5.30. Schematic of multivibrator, which generates nanosecond

pulses.

Key: (1). V.
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Diodes in the coupling circuit serve in order to have the capability

-. to work by pulses of both polarities, and also for the fastest

discharge of capacitance C, which connects the anode of the second

tube of multivibrator L., with the grid L,. This capacitance, equal

to 5 pF, determines the pulse duration. The pulse, removed from the

anode L,, has bell-shaped form. The diagram, the data of which are

cited in Fig. 5.30, generated pulses with a duration of 35 ns at the

level of half of amplitude. The pulse amplitude was 9 V. The pulse

repetition frequency was equal to 1 MHz, and in the auto-oscillating
mode it reached several megahertz.
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CHAPTER SIX.

PULSING IN CIRCUITS WITH INDUCTIVE FEEDBACK. RECIRCULATORS.

6.1. Pulsing in diagrams with inductive feedback (blocking

oscillators).

Method, based on use of single-tube diagrams with inductive

feedback, is one of most known and effective methods of pulsing of

nanosecond duration. Such diagrams are called usually blocking

oscillators. Blocking oscillators make it possible to obtain in the

mode of auto-oscillations pulses with duration into tens of

nanoseconds with an amplitude of about 100 V. The special diagrams of

the blocking oscillators, in which is utilized consecutive peaking or

starting/launching from the tubes with the secondary emission, make it

possible to form/shape pulses with duration into the units of

nanoseconds.

Process of impulse shaping diagrams with inductive feedback is

analogous to process of impulse shaping in single-tube diagrams on

tubes with secondary emission. The tube of blocking oscillator works

under these conditions, in which at the moment of pulse advancing on

its grid appears large positive voltage and in the tube occurs the

redistribution of the cathode current between the anode and the grid.

Another special feature of blocking oscillator is the presence in it

of the transformer, whose parameters also affect the shape of pulses,
)
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the duration of their fronts, etc.

Page 318.

Considerable role here play the processes, which occur in the

transformer core: the process of the magnetization of core,

phenomenon of eddy currents, etc. All these facts very complicate the

analysis of the work of blocking oscillator, especially in the range,

the nanosecond pulses, where the duration of pulses themselves is

frequently determined by the duration of their front and

shear/section.

Let us examine process of impulse shaping in blocking oscillator,

whose schematic diagram is depicted in Fig. 6.1.

Description of work of blocking oscillator let us begin from

moment of time t., when tube opens and voltage on its grid is equal to

E,,. (Fig. 6.2). At this moment the loop of feedback proves to be

locked. Grid voltage of tube begins to increase more rapidly and,

when the transmission gain on the closed loop of feedback becomes more

than one, the increase of voltage acquires avalanche-like nature. Up

to moment of time t, the grid voltage of tube attains maximum; it

approximately at the same time reaches maximum and the pulse of anode

current. For the time of the formation of the pulse edge the grid

voltage of the tube of blocking oscillator varies from cutoff voltage

to its maximum value.

( • mm ~ mm m imil ~
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Increase of grid voltage leads to sharp increase in current of

control electrode, which becomes comparable with anode current. Since

an increase in the current occurs due to the redistribution of the

cathode current between the anode and the grid, the

slope/transconductance of anode current and, therefore, the

transmission gain along the closed loop of feedback fall and this

incidence/drop occurs until in the diagram avalanche-like process is

discontinued. Thus, the limitedness of the cathode current of tube

blocks the infinite development of avalanche-like process.
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Fig. 6.1. Schematic diagram of blocking oscillator.
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In blocking oscillator feedback loop remains locked during entire

process of impulse shaping; however, after grid voltage achieved its

maximum, parameters of tube so changed that slope/transconductance of

plate characteristic proves to be insufficient for onset of

avalanche-like process. The process of shaping of pulse apex occurs

at this time in the diagram. As soon as grid current in the tube

appeared, the cbarge of capacitance C,, begins. The charge of this

capacitance causes the decrease of grid voltage of tube and the

displacement of operating point over the grid-plate characteristic.

Since mutual conductance of tube in the region of redistributing the

currents is small, the grid voltage of tube must change to the

sufficiently high value so that the operating point would go down

according to the characteristic of tube in the section with the large

slope/transconductance, where the transmissiGn factor on the closed

loop of feedback again would become more than one. At point in time

t, concludes the stage of shaping of apex/vertex and reverse

avalanche-like process begins.
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As a result of close coupling between anode and grid circuits

decrease of anode current leads to appearance in grid circuit of emf

of mutual induction, which has negative polarity. Anode current

begins to decrease with the ever-growing rate and through the small

time interval it drops to zero. Tube is closed also at the moment of

time t, concludes the process of impulse shaping. Subsequently in the

diagram occurs the discharge of capacitance c,. through

resistor/resistance Rc.

In Fig. 6.2 oscillograms of voltages and currents in blocking

oscillator are given.

)
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Fig. 6.2. Oscillograms of currents and voltages/stresses in blocking

oscillator.
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The curve a depicts a change in the voltage/stress on capacitance

In the period of impulse shaping the capacitor is charged by the grid

current of tube, while during the entire remaining part of the period

it is discharged through resistor/resistance C., The grid voltage of

tube, shown curved b, is the algebraic sum of the anode voltage,

transformed into the grid circuit, and voltage across capacitor R,.

Grid voltage of tube, shown curved b, is algebraic sum of anode

voltage, transformed into grid circuit, and voltage across capacitor

C,,. After the passage of the shear/section of pulse of the grid

voltage becomes negative due to emf of mutual induction, induced

from the anode circuit. Subsequently the grid voltage increases

exponentially, trying to achieve the cutoff voltage of tube. The

( curve c presents the pulse of anode current, and curve d - pulse of

anode voltage. The
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oscillation of anode voltage after pulse advancing is caused by the

collision excitation of parasitic oscillatory circuit.

From point of view of possibility of obtaining very narrow pulses

in examination of process of work of blocking oscillator there is

greatest interest in question about duration of generatable pulses and

duration of their fronts. The duration of the pulses, generated by

blocking oscillator, is determined by the time of the charge of

capacitance C,.,l. In the computations of this time, Ya. S. Itskhoki

[36] it proceeded from the equivalent diagram of grid circuit,

represented in Fig. 6.3. The grid voltage of tube is composed of

voltage on the grid winding of transformer, which can be considered

constant during the duration of the pulse (when the primary inductance

of transformer is sufficiently great), and voltage/stress on

capacitance CB.

Change in grid voltage is equal to force of constancy of

voltage/stress on grid winding of transformer and it is opposite on

sign to change in voltage across capacitor.

)
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Fig. 6.3. Diagram of input circuit of blocking oscillator.
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The grid voltage falls with the charge of capacitance; this decrease

occurs until operating point passes in the section of characteristic

with the slope/transconductance, sufficient for the onset of

avalanche-like process. The less capacitance value C,. and the less

the resistor/resistance of charging circuit, the more rapidly will

fall the grid voltage of up to the value, which causes the onset of

avalanche-like process and the shorter the pulse duration will be.

Ya. S. Itskhoki gives the following approximation formula for

determining the pulse duration in the blocking oscillator:

- U2~, U ,,*

where U - maximum grid voltage,

/cjaIcc maximum grid current.

However, as far as duration of edges of pulses generated by

blocking oscillator is concerned, Ya. "S. Itskhoki proposes to
t4 2C . a -"

determine it according to formula t where C, - stray capacitance of

-4
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diagram, in reference to grid circuit.

6.2. Duration of the pulse edges in the blocking oscillator.

For answering question about duration of pulse edges, developed

by blocking oscillator, in the first approximation, following path can

be accepted. We approximate the anodic and grid characteristics of

tube in the manner that it is shown in Fig. 6.4. Let us accept

further, that the transformer is ideal, i.e., affects neither the form

of pulse apex nor the duration of its front. Then the equivalent

diagram of the anode circuit of blocking oscillator can be represented

in the form, depicted in Fig. 6.5.

_)
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CLO

Fig. 6.4. Approximation of characteristics of tube of blocking

oscillator.
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On this diagram u and Ri - parameters of tube, C, - total stray

capacitance, in reference to anode circuit, R - converted into anode

circuit resistor/resistance of section grid - cathode of tube.

We will consider that voltage/stress of synchronization is

introduced into grid circuit of tube consecutively/serially and that

resistor/resistance of source of signals of synchronization is

negligibly small. In this case grid voltage of the tube of the

blocking oscillator

uc(t)=u,(+) Uo6(1), (6.1)

where u.(t) - input voltage;

a.dt) - voltage/stress of feedback.

Voltage drop across capacitor C,, can be disregarded/neglected in

form of short duration of pulse edge. Let us designate the
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transformation ratio of the transformer

where wa - number of turns of anodic winding;

wc- number of turns of grid winding, and let us consider that

Uo(t)--1a(t).

In view of linearity of response of tube

ua (t) = - uO (t -; ) dAK (), (6.2)
0

where A(t) - transient response of circuit, depicted in Fig. 6.5.
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Fig. 6.5. Equivalent diagram of anode circuit of blocking oscillator.
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It is easy to be convinced of the fact that

where

K. R, R- '

RR,

Substituting (6.2) in (6.1) on the basis of preceding/previous

formula and assuming that u.(t) has form of unit function, we obtain

integral equation of Volterra of 2nd order

Uc~l n tt ( - dAK< (o )

Let us represent solution of this equation in the form

0 A K
O )  

(6.3)uc (tJ= 4 ) 1() +E n,
k:-I

where A,(t) - transient response k of series-connected K-circuits:
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I k-1

i=0

Substituting (6.4) in (6.3) and fulfilling operation of addition,

we obtain

0 -K.)

At +|- K. e,% (t)rz 1 (/)-f _-±~K'L [,, -

If K,/n>>l, then we obtain simpler expression

Kf, t ,t

Hence it follows that blocking oscillator under condition K,/n>>l

and in presence of ideal transformer is relaxation oscillator I.

Page 324.

Let us note that value P/n is a quality of tube in the diagram and in

the more demonstrative form can be expressed thus:

V S /S S

C,

where 0-= ;C -capacitanice of the anodic winding of transformer

together with the output capacitance of tube and the wiring

capacitance, and C, - capacitance of the grid winding of transformer

together with the input capacitance of tube and the wiring

capacitance.

)
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Investigating expression for quality of tube to maximum as

function of transformation ratio, let us find that its optimum value

it will be:

nonT.

S I

For determining duration of pulse edges in blocking oscillator

can be used the same method, as for diagrams on tubes with secondary

emission. Since the equations of the transient responses of blocking

oscillator and diagram on the tube with the secondary emission are

analogous, the switch time of blocking oscillator can be recorded

thus:
n I-vn I ,+

where t. - time, during which the linearly increasing voltage/stress

changes to value E0 (Fig. 6.4).

If we consider (as this it was accepted in the beginning) that

transformer of blocking oscillator has negligible leakage inductance,

then duration of front of anode voltage can be determined according to

formula
t,'-_ 2,3+lIn ex"-'

Xn

where ,, t,,f; - time constant of anode circuit.



DOC - 88076718 PAGE

Page 325.

Time constant r is equal to product of total stray capacitance,

which shunts anode circuit of tube, to output resistance of diagram.

Capacitance is composed of the output capacitance of tube and by that

converted from the grid circuit into the anodic input capacitance of

tube, and also from the capacitance of the windings of transformer.

Output resistance of diagram is the parallel connection of anode

resistance and converted into the anode circuit of resistor/resistance

section grid - cathode of tube.

6.3. Impulse shaping of short duration.

In preceding/previous sections it was assumed that parameters of

circuit of blocking oscillator can be divided into "small", that play

significant role in process of formation of front and shear/section of

pulse (leakage inductance of transformer, stray capacitances), and

"large", that have vital importance with shaping of pulse apex

(inductance of magnetization of transformer, working capacitance).

This separation correctly when blocking oscillator is utilized for the

impulse shaping of relatively larger duration, but having steep front

and shear/section; the pulses of nanosecond duration they are obtained

of them by the subsequent conversion. With the direct impulse shaping

of short duration in the blocking oscillators this separation is

impossible, since each parameters simultaneously affect both the

processes of forming of front and shear/section and the process of

forming the apex/vertex. Therefore during the analysis of nanosecond
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blocking oscillators it is necessary to proceed from the equivalent
diagram, which considers the "low" and "high" parameters.
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Fig. 6.6. Equivalent diagram of blocking oscillator, which forms

pulses of nanosecond duration.

)
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Yu. P. Mel'nikov and S. ' Shats [99, 100] conducted research

of blocking oscillator in the mode of the impulse shaping of short

duration, on the basis of the equivalent diagram, represented in Fig.

6.6. In this figure through A and G are designated the nonlinear

two-terminal networks, whose properties are described by dynamic

characteristics for anodic A and grid G of the circuits of tube. R

indicates the resistance/resistor of the load, connected to the anode

circuit of transformer, taking into account the resistor/resistance of

core loss of transformer, L is inductance of the magnetization of

transformer, C,=C,+n2 C2 . - total stray capacitance of anode

circuit, C. - grid circuit; C - working capacitance, n=--.

Using dog-leg approximation of dynamic characteristics of tube,

authors compile diffeiential equation for interval of time, during

which is formed/shaped pulse edge:

" \t . -- u

I,) t !it, I Cu,
+l IIt +, ncW

u- voltage/stress on capacitance,

S- slope/transconductance of dynamic characteristic of anode

current in section of understressed mode (SaifnS,, where Sa -

slope/transconductance of static plate characteristic for pulsed

operation). S , has the same value for the grid circuit (Fig. 6.7).

L
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Results of solving this equation during starting/launching of

blocking oscillator linearly increasing voltage/stress are on Fig.

6.8, in which along axis of abscissas is plotted logarithm of ratio of

voltage/stress u to T.P., where ToCo/S, SoSa ,-nSc, v, - rate of

increase of starting voltage/stress. Curves are constructed for the

different values of parameters P and Q, where P=L ,/L, aQ= C/C.

Page 327.

Value L,, is calculated from the formula

where ov, - the cut-off frequency of ferrite, at which its magnetic

permeability falls into V once in comparison with the permeability at

the lower frequencies.

Graphs/curves, given in Fig. 6.8, show that decrease in the

velocity of starting/launching, inductance of magnetization with

working capacitance leads to decrease in the velocity of

build-up/growth of front. The process of the formation of front

concludes, when voltage/stress u attains value U, (Fig. 6.7).
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, u,

Fig. 6.7. Dynamic characteristics of tube.

Key: (1). Charge

P=oJf~q=0,2,
P=V,5; =.2,

o 4 8 2 tl T/ o

Fig. 6.8. Determination of output potential of blocking-generator.
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Results of solving equation for apex/vertex taking into account

initial conditions, determined from condition of solving equation for

edge of pulse (Ii, U',, U,, where index "1" shows that these values are

taken for moment/torque of termination of front), they are given in

Fig. 6.9 and 6.10. Fig. 6.9 shows the form of pulse apex, while in
4

4

I
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Fig. 6.10 is given the dependence of the duration of apex/vertex from

parameter P at the different values of parameter Q.

w m m mmmx m m m m ~ m m
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Fig. 6.9. Determination of form of pulse apex.

Key: (1). V.

'6- -
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Fig. 6.10. Determination of the duration of pulse apex.
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As can be seen from this graph/curve, decrease L and C leads to the

decrease of the duration of apex/vertex. Fig. 6.11 shows the

dependence of the duration of the shear/section of pulse from P for

different Q.
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Fig. 6.12 depicts dependence of general/common duration 
of pulse

,. and parameter = U,:,,,cIU, from P and Q. Here U, 3 c - maximum value

of pulse, and U, - value of pulse up to the moment/torque of the

termination of front. Dependence i,,/T, on P and Q in the range of

values 0.lZPZ1, O.IZQZl is approximated by the expression

- - - -

t,/A=I. I-
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Fig. 6.11. Cetermination of duration of shear/section of pulse.

yKey: C).cross section.
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Fig. 6.12. Graph/curve for calculatin4 pulse duration.
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6.4. Special features of the work of tube and transformer in the

diagram of blocking oscillator.

Tubes in blocking oscillator work in strongly overstressed mode,

in which maximum grid voltage can considerably considerably exceed

minimum voltage on anode. In connection with this tlere is a

difference in the work of triodes and pentodes in the diagrams of

blocking oscillators. Triodes have large power gain in the region of

the positive values of grid voltage how pentodes and therefore they

make it possible to obtain the surge voltages of larger value.

Increase of positive grid voltage of tube occurs approximately

until operating point falls on section of characteristic of anode

current with small slope/transconductance, which leads to
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cessation/discontinuation of avalanche-like process. For different

tubes, in particular for the triodes and the pentodes, the value of

grid voltage, with which occurs the end of avalanche-like process, is

different. This value is great enough for triodes (it equals tens of

volts), whereas for the pentodes it a little differs from zero.

Respectively currents in the pulsed operation are determined for the

triodes with large positive grid voltage, and for the pentodes - with

voltage close to zero. Triodes usually are utilized for these reasons

in the diagrams of low-power blocking oscillators.

In blocking oscillators boosting mode of tubes frequently is

used. It is necessary to keep in mind that the limit of boosting mode

is frequently established/installed not by power capacity of plate

dissipation and grid of the tube (with the sufficiently large porosity

these values they can be not exceeded), but with the maximum

permissible voltage/stress between the anode and the grid. The

maximum voltage/stress between the anode and the grid is obtained at

the moments of time, which directly follow after the termination of

pulses. Voltage on the anode in this case is equal to supply voltage

plus the voltage/stress of the overshoots, caused by the excitation of

sneak circuits in the anode circuit. The voltage/stress of overshoots

can sometimes comprise more than half of supply voltage.

Page 331.

Grid voltage at the same moments of time is equal to the

voltage/stress of fixed bias plus the voltage/stress, induced from the
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anode circuit due to the phenomenon of mutual induction. As a result

a potential difference between the anode and the grid can several

times exceed nominal voltage/stress and tube will malfunction.

Maximum pulse repetition frequency is determined by power

capacity of scattering on electrodes of tube. However, with an

increase in the repetition frequency by several times the scattered

power is raised several times (for the constant pulse duration). In

connection with this, other conditions being equal, for increasing the

pulse repetition rate it is necessary to decrease either their

amplitude or their duration. Virtually the blocking oscillators of

nanosecond pulses, assembled on the finger triodes, stably generate

pulse oscillations to the frequencies of I MHz.

Peak transformer is second critical node in diagram of blocking

oscillator, it is intended for inversion of stage of pulse and

replaces second tube in schematic of multivibrator. Providing maximum

connection/communication between the anode and grid circuits in entire

range of the generatable frequencies is fundamental requirement for

the transformer of blocking oscillator (i.e. in entire frequency band

of the pulse spectrum). The undistorted transmission of the pulse

edge is possible only in such a case, when the parasitic parameters of

transformer will be sufficiently small. However, as far as the

requirement of the undistorted transmission of the flat/plane part of

the pulse is concerned, it is fulfilled sufficiently easily for the

very short pulse duration.
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During design of transformers of blocking oscillators, intended

for work in nanosecond range, it is necessary to focus attention on

two fundamental points. First processes in the magnetic core of

transformer are of them. The magnetic core must work at very high

rates of change of the induction in the peak transformers, which work

in the microsecond range. The second fact concerns the frequency

properties of transformer as linear quadrupole. The need for the

transmission of very rapid changes in the voltage/stress requires that

the transmission factor of transformer would be constant up to the

very high frequencies, measured by hundred megahertz.

Page 332.

Transformers of blocking oscillators are fulfilled with cores

from ferromagnetic material. The application of a core provides the

necessary value of primary inductance with least possible number of

turns which in turn, is necessary for decreasing stray capacitance of

transformer. The presence of core from the magnetic material

indirectly decreases the leakage inductance of transformer. Both

these of fact increase its broad-band character.

At the same time processes, which occur in core, significantly

influence its properties and, consequently, also work of blocking

oscillator. With the feed of the primary winding of transformer by

periodic unipolar pulses the process of the magnetization of

transformer core, as is known, differs from the process of
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magnetization in terms of alternating current. This difference lies

in the fact that the operating point in the magnetization curve moves

not along the usual loop, but on a certain other curve, called maximum

loop of specific cycle.

Magnetic permeability I on particular cycle, which plays with

work of peak transformers the same role, that also usual permeability

A with work of transformers on alternating current, is considerably

less p,. In order to obtain high value !,,, it is necessary to utilize

for the cores magnetic materials with the high value of saturation

induction BS and small remanent induction Br, with small relation

B,/B, For decreasing the value of remanent induction they sometimes

supply magnetic circuit with air gap.

With work of peak transformers with high rates of change in

induction eddy currents have vital importance. For decreasing harmful

eddy-current effect the cores of peak transformers are manufactured

from the very thin tape (0.08-0.02 mm). The decrease of the thickness

of the sheets of iron significantly decreases the eddy current losses,

since these losses are proportional to the square of thickness of

sheet.

Page 333.

Furthermore, for producing the cores of peak transformers are used

magnetic materials with the high specific resistor/resistance, which

so leads to the decrease of eddy currents.

)
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At present as ferrite rings are utilized as cores for peak

transformers of blocking oscillators of nanosecond range. These cores

are not inferior on their, to qualities to the cores, made from

transformer steel of the highest brands. Table 6.1 gives the

information about some types of ferrites [82].

Question about its broad-band character is second question, which

appears during design of peak transformer. As has already been

spoken, the passband of peak transformer must stretch to hundreds of

megahertz. Therefore during the construction of peak transformer it

is necessary to take measures to decrease its spurious parameters to

the minimum. The very short duration of pulses, favors achieving this

goal, in consequence of which the production of transformers with the

low value of primary inductance is possible (measured by the units of

microhenry). Thus, at the actualiy allowed values of coefficient of

scattering the absolute value of leakage inductance is very small.

Furthermore, as has already been indicated, the use of materials with

the large magnetic permeability makes it possible to perform primary

winding with the small number of turns, which leads to the decrease of

stray capacitance of transformer.

-(mmmmmmm



DOC - 88076719 PAGE '14%

Table 6.1

(1) Ma pea t9 I a IBa.* Hc.
04ePI)lTa I ila IOU K94 3 (__ 1

(P-2000 2000 0,035 3000 0, 16
c1,-I000 1000 0,011 2200 0,30
4,,-IOUO 1000 0,032 2100 0,35
0,-C00 600 0,009 3000 0,65
4)'-60 600 0,032 2300 0,58
(1, -4W 400 0,008 2500 I .00
02-44J 400 0,008 4 200 0,60

=--to0 400 0,027 2700 0,79
(i-tluJ 100 0,004 3 809 2,00

Key: (1). Brand of ferrite (2). tg/6 per 100 kHz (3) ... G (4).

... Oe
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Structurally peak transformers are made very simply. Onto the

ferrite ring the windings, which for decreasing stray capacitance are

made single-layer, are applied. Windings will be deposited or by one

to another, the turns of one winding are arranged/located between the

turns of another.

Frequently transformers are supplied with third (load) winding.

Transformation ratio between the anodic and grid windings is taken by

the usually equal to one. However, as far as transformation ratio

between the load and grid windings is concerned, its value is

determined by the load resistance/resistor.

6.5. Diagrams of blocking oscillators.

Blocking oscillators, utilized for impulse shaping of nanosecond
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duration, work, as a rule, with external synchronization due to

instability of frequency. In this case the work of blocking

oscillators actually consists in the conversion of pulse oscillations

with the large amplitude, but relative to low-ts by

slope/transconductance, in the oscillations with the large

slope/transconductance.

Ye. N. Butorin [3] produced research on the schemes of blocking

oscillator on tubes of finger series. The data of diagram are cited

in Fig. 6.13.
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Fig. 6.13. Diagram for investigation of blocking oscillator.

Key: (1). V.
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The transformer of blocking oscillator was made on the ferrite ring

from the material *,=2000with a diameter of 18 mm and with the number

of turns in anodic winding 10, in grid 10 and in load 6. The primary

inductance of transformer composed 37 uH, leakage inductance 0.63 AH

and stray capacitance 7.2 pf'. The described diagram on the tube 6N15P

(S=11.2 mA/V, C.=8 pF) with parallel connection of both of triodes and

capacitance C,,,==30 pF generated pulses by duration 35 Reveral with an

amplitude of 60 V on the resistor/resistance of 150 ohms. Tube 6N6P

(S=12 mA/V, C.=9 pF) during the use of one triode under the same

conditions made it possible to generate pulses by the duration of 35.

ns with an amplitude of 125 V. Diagram on the tube 6SZP (S=19.5 mA/V,

C,=10 pF) generated pulses by the duration of 18 ns and by the

amplitude of 90 V with C,.I==Io pF. Diagram on the tube 6S14P (S=45

mA/V, C.=16.3 pF) with C,,=22 pF, generated pulses 14 ns with an
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amplitude of 80 V.

In [1011 is described oscillator circuit of nanosecond pulses,

capable of generating pulses with fixed period of time of 20, 50 and

100 ns with repetition frequency of from 10 kHz to 1.5 MHz. Blocking

oscillator was assembled on the tube 6N6P with the transformer, made

on the ferrite ring F-400 with an outside diameter of 18 mm. This

type of ferrite is selected because it retains its initial

permeability without the noticeable increase of losses to frequencies

on the order of 5 MHz. Oscillator circuit is shown in Fig. 6.14a. In

the load winding of transformer there is a diode for damping

undershoot. The pulses, taken from the blocking oscillator, are

supplied to the diagram, shown in Fig. 6.14b, the being diagram with

the duct/contour of collision excitation. Tube in the initial state

is -closed with negative grid voltage; the arriving pulse triggers it.

The duct/contour of collision excitation is made on the ferrite ring

of the type F-400, the number of turns in primary and secondary

windings with t1=20 ns is equal to 4. For n improvement in the shape

of pulse to secondary winding the diode is connected. Amplitude

control of output pulse is realized with the aid of the potentiometer

of 470 ohms, shunted by the corrective chain/network RC and diode.

The amplitude of output voltage/stress is changed in the limits from 0

to 30 V.

Generator of groups of pulses of nanosecond duration, using

blocking oscillator, are described into [102).
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a) R, 6

Fig. 6.14. Diagrams of assigning blocking oscillator (a) and output

stage (b).

Key: (1). To the intermediate cascade/stage. (2). Output.
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The schematic of the part of the generator is given in Fig. 6.15.
Trigger pulses enter input of first blocking oscillator, which has
duration of pulses 50 ns; pulses from the first blocking oscillator

enter the second, which forms pulses with the duration
of 20 ns. Finally pulses are formed/shaped in the output stage. Peak

transformers are made on ferrite rings with an outside diameter of

cores of 14 mm; data of windings Tpl: w,=8 tiirns, w,=4 turns; data of

windings Tp2: w,=6 turns, w,=6 turns, w,=3 turns; wire PEShO of 0.2

mm. Was tested the pulse generator, in which at the output was

utilized the amplifier-limiter on the tube with the secondary

emission, shown in Fig. 6.16.
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Are7 evelopheds diagrams of blocking oscillators, b which make

limitation of reverse/inverse overshoot and damping is conducted by

chain/network D, R,, where D - high-frequency'silicon diode, R,=l0O

ohm. Cathode follower is made on the same tube, as generator.

Interstage connection is attained through the differentiating circuit

R7 , C.. Diodes D2 and D3 limit the reverse/inverse overshoot of
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output voltage/stress, furthermore, stray capacitance of diode D,

participates in the formation of the shortened pulse. With the pulse,

removed from the blocking oscillator with an amplitude of U=75 V and
tI.=75 ns, from the cathode resistor/resistance of R,, =60 ohms is

removed/taken the pulse with an amplitude of 30 V and the duration on

the foundation 45 ns. The steepness of the pulse edges composes

1.2-10' V/s. Data of transformer: w,=6 turns, w =5 turns, w j=i 3

turns, L,=4.3 gH.

.)
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Fig. 6.16. Diagram of output amplifier-limiter.

Key: (1). \/.
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For obtaining more narrow pulses it is necessary to take measures

for increase in steepness of pulse edges by changing trigger

conditions. As it was shown earlier, rate of voltage rise on the

input of blocking oscillator affects rate of voltage rise on its

output. Therefore for obtaining the more narrow pulses the

starting/launching of blocking oscillator from other pulse generators

with the sufficiently steep fronts widely are utilized. In this case

the blocking oscillator works not as self-contained system, and as

nonlinear amplifier-limiter with the feedback. The purpose of

blocking oscillator is an increase in the steepness of the edge of

6 8 . 2
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subject by it pulse; the pulse amplitude at the output of blocking

oscillator can be even less than the pulse amplitude at the input.

During use of blocking oscillators as peakers of pulses it is

necessary to consider that each subsequent cascade/stage forms/shapes

more narrow pulse.

)
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Fig. 6.17. Pulse generator circuit.

Key: (C). V.
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Therefore the transient capacitance of each subsequent stage must be

less than the transient capacitance of the preceding stages; this

makes it possible to utilize the shortenings of the duration of fronts

and shear/sections of pulses for further shortening of their duration

occurred in the preceding stages. In connection with shortening of

the pulse duration grow/rise the requirements also for the broad-band

character of transformers. This requirement is comparatively easily

satisfied by the decrease of the number of turns and overall

dimensions of core. The decrease of the number of turns in the

windings of transformers becomes possible because the pulse duration

decreases and, therefore, the smaller value of primary inductance is

necessary with the allowed value of decay in the apex/vertex.
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Question about most advisable method of connecting separate

stages into network is one of important questions. The series

connection of generators causes greater difficulties than the series

connection of amplifiers because between the anode and grid circuits

of tube there is a connection/communication. The presence in

generators of feedback, furthermore, is opened path to the direct

passage of pulse oscillation from the preceding stage to the output of

that following, passing/avoiding tube and thereby substantially

changing the impulse steepness of output potential. One should in

this case consider that the preceding stages can be even more

powerful/thicker than following. However, the installation of any

decoupling cascades/stages, i.e., through repeaters without the

feedback, in the range of the pulses of nanosecond duration, is

difficult.

Diagram, given in Fig. 6.18 [87], is most convenient trigger

circuit. In this diagram the start-up voltage/stress is supplied

through capacitor C, directly to the grid of tube following after the

source of signal. So that on the capacitor C, it would not occur a

considerable drop in the voltage of the transmitted oscillation, its

value must be not too small.

)
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Re

Fig. 6.18. Trigger circuit of blocking oscillator.

Key: (1). input

Page 341.

It cannot be at the same time taken and too great to avoid strong

effect generator of the source of starting voltage. Usually capacitor

C, is taken several times of more than capacitance of C,.

Ye. I . Butorin [3] produced study of generator of short pulses

on tubes 6S3P according to diagram, given in Fig. 6.19.



DOC = 88076719 PAGE

at 4.7K f 4.7 0.1 4.71

3KK t 43

a -2i'

¢8" - 4( 'W.

Fig. 6.19. Diagram of cascade blocking oscillator on tubes 6S3P.

Key: (1). Start-up. (2). eutput. (3). V.

L
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Fig. 6.20. Diagram of stage of blocking oscillator on tubes 6N15P.

Key: (1). V. (2). output. (3). Input.

Page 342.

In this diagram at the output of the second cascade/stage were

formed/shaped the pulses with duration from 5.5 to 8 ns with an

amplitude of from 40 to 90 V respectively. At the output of the third

cascade/stage the pulses had a duration from 4.5 to 6 ns with an

amplitude of from 40 to 85 V. The load resistance was 75 ohms, and

the pulse repetition frequency 10 kHz.

Generator of narrow pulses on tubes 6N15P is shown in Fig.

6.20. The triodes are connected in parallel 4n each tube. Diagram

was started from the pulse generator with a frequency of .kHz.

Transformers were assembled on the miniature cores made of steel of

brand 8ONKhS, the thickness of belt 0.02 mm.
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2.2.

Fig. 6.21. Diagram of blocking oscillator with starting/launching

from tube with secondary emission.

Key: (1). V. (2). output.
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The transformer of the first cascade/stage contained in the anodic and

grid windings with 8 turns, and in the load - 6 turns. The

transformer of the second stage had respectively w,,=w,=5 turns,

w,,=3 turns, the transformer of third stage W,,=W,=3 turns, w,_ 2

turns. Diagram generated pulses with the duration of 6 ns with an

amplitude of 100 V on the load of 75 ohms.

)
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Blocking oscillator of nanosecond pulses on tube VX3052, started

by pulse generator on tube with secondary emission, is described into

[104]. Oscillator circuit is given in Fig. 6.21. Transformer had

toroidal core. Wound from strip. As the magnetic material was

utilized mu-metal (thickness of strip 0.0006"). The number of turns

in the windings of transformer was varied from 2 to 10 with the

transformation ratio n=l. Diagram made it possible to generate pulses

from 20 to 100 ns with an amplitude of up to 200 V.

6.6. Pulse generators with delayed feedback.

In preceding/previous chapter, dedicated to analysis of

RC-generators with feedback, it was shown that action of positive

feedback in nanosecond range of pulse durations little is effective in

comparison with its action microsecond range. Therefore in a number

of cases the last stages of pulse generators are fulfilled not as

relaxation oscillators, but as amplifier-limiters. At the same time

for increasing the steepness of the pulse edges the series connection

of amplifier-limiters is utilized. It is obvious that taking a

sufficient quantity of series-connected amplifier-limiters, it is

possible to obtain the same result, that in the chain/network of

relaxation oscillators, without resorting in this case to the use of

an avalanche-like process. It is easy to see also that there is no

need to physically fulfil-l the chain/network of amplifier-limiters;

the same result of repeated nonlinear conversion can be

achieved/reached, also, with the consecutive transmission of the
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converted pulse through one and the same amplifier-limiter, closing it

into the loop of delayed feedback; time lag is here necessary in order

to divide the pulses, which completed different number of passages

through the nonlinear element, between themselves.

Page 344.

The pulse generator with delayed feedback, called otherwise

recirculator, is constructed according to this principle.

Generator with delayed feedback differs from other feedback

oscillators in terms of fact that instead of wide-band linear

quadrupole for target of feedback (rheostat-capacitance circuit or

transformer) it contains delay line.

That that feedback loop in such generators possesses large delay,

it is in principle important. The presence of delay excludes the

possibility of the development of avalanche-like processes in the

recirculators. In contrast to the relaxation oscillators, in which

the steep pulse edges are obtained due to the avalanche-like

build-up/growth of current in the tube, in the recirculator the steep

pulse edges are obtained due to the repeated nonlinear conversion of

pulses. By the target of positive feedback in the recirculator is not

the creation of conditions for the developmen t of avalanche-like

process, but providing repeated conversion of pulse nonlinear element

- amplifier-limiter.

i)
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In order to clarify difference between relaxation oscillators and

recirculators, let us turn to block diagram, shown in Fig. 6.22 and

which differs from diagram, given in Fig. 5.1, by presence of delay

line into feedback loop. With t,=0 this diagram will be relaxation

oscillator, while with sufficiently large t, - recirculator. Voltage

on the input of K-circuit according to Fig. 6.22

'B () u (t) U (t - t:,). (6.5)

(h
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Fig. 6.22. Block diagram of recirculator.
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In turn, as it was shown earlier in fifth chapter,

u (I) f UB (t - E) dK (t), (6.6)

where K(t) - transient response of K-circuit.

Substituting (6.6) in (6.5), we obtain integral equation of
a

Volterra of 2nd order with delaying nucleus:

u~x t)- ,,x(t -- t:-- ) dK (E):Uo()
-I

solution of which takes form

V*xl \ u,, f -( -1 l] (6.7)

'I -. I

where ,, (I)is oscillation, which completed n-1 passage on K-circuit.

As it follows from formula (6.7), with t,=O voltage on input of

K-circuit is sum of infinite number of components, each of which

begins at moment of time t=O. This fact generates the very rapid,

avalanche-like increase of voltage on the input of K-circuit at the

initial moments of time, characteristic for the recirculator. With
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t3 0 all components, from which stores/adds up input oscillation, are

shifted on the time. If the converted oscillation uo(t) has short

duration, then voltage on the input of K-circuit of recirculator will

represent the sequence of pulses, which is the result one-, two-,

triple and so forth of the conversion of input pulse by K-circuit.

Thus, the mechanism of the work of recirculator and relaxation

oscillator is entirely various.

6.7. Analysis of the work of recirculator.

Pulse generator of recirculator type can be represented in the

form of functional diagram, shown in Fig. 6.23.

Page 346.

This diagram differs from that given by preceding/previous figure

in that into it special element, which considers nonlinear properties

of tube of amplifier is introduced (or special tube, worker in

nonlinear section of characteristic and called expander).

Nonlinear element is characterized by fact that voltage/stress on

its output is connected with voltage on input with nonlinear

dependence

Repeating the same operations, that also for linearized system,

let us arrive at equation, comprised relative to voltage on input of

nonlinear element of recirculator:
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u,, (I- 4F l[uz(t - - --) dK ( )=uo ().

Here K(t) - transient response of amplifier.

Given equation is nonlinear integral equation. For the brevity

let us record it in the operational form

u21(1)- Au. (1) = u,(t),

where A - certain nonlinear operator.

Nonlinear operational equation can be solved by methbd of

consecutive integration. Let us break entire time interval into

segments [(n-1)t3 , nt3 ], n=l, 2, 3,

Page 347.

Then in the first interval of time [0, t3j the solution of integral

equation will take the form

uBIL(1)=uso( 1~ ~ )

in the second section/segment [t3 , 2t]

in the third section/segment [2t,, 3t]

Iil~x (I) -A°' IIo (I) ri Ajil0 (1) (ii .a- I I T. a.

Imposing for function ei. (I) requirement of equality to zero

beyond interval of time [(n-l)t,, nt3, we obtain solution of

operational equation in the form )
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where the subscript in operator indicates, what number of times is

taken this operator.

If in latter/last expression operation of temporary displacement

is recorded explicitly, then

- . t- (n-- (6.8)

where A' - operator, who differs from A in that in it is omitted the

operation of temporary displacement.

Expression (6.8) describes transient mode in diagram of a

recirculator, consecutively/serially presenting stage of conversion of

pulse u.(t), A',u.(t), A',u.(t) and so forth. In steady state (if such

there is a voltage on the input (and at the output) of the

recirculator is a periodic pulse train. With sufficiently large n

where tt*(t) describes the shape of pulse in steady state.

Value *(t) is solution of operational equation

u(t)- Au(t)s-- 0

or, in expanded/scanned form, nonlinear ineteral equation

(t) -- .I , [u(t -t- ) dK()z 0. (6.9)

Fig. 6.23. Functional diagram of recirculatort linonlinear element

2-filter; 3-delay iine.
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Recirculator With Ideal Limiter.

Solution of nonlinear integral equations, given above, in general

case very complicatedly, and therefore for determining form of

oscillations/vibrations at output of recirculator one resorts to tl.oze

or other idealizations. It is possible, for example, to proceed from

the fact that the switch time of recirculator in steady state is

negligibly small. In this case the nature of nonlinear element can be

acquired in the form of the step function, shown in Fig. 6.24.

Nonlinear element with this characteristic is called ideal limiter.

Its special feature is the fact that when a pulse of any form is

supplied to the input of the limiter, a pulse of perfectly rectangular

form is obtained at the output. This substantially facilitates the

determination of the distortions of those undergone with pulse in

transit through the amplifier and filter.

For describing processes, which occur in diagram with ideal

limiter, it is convenient to use graph/curve, given in Fig. 6.25. Let

us assume that at the input of nonlinear element at a certain moment

of time t. arrived pulse u'. (Fig. 6.25a). According to the

characteristic of nonlinear element the voltage/stress on its output

will be equal to zero until voltage on the input achieves value A. At

this moment output potential of nonlinear element abruptly rises to

the value, to conditionally equal unit (Fig. 6.25b). Voltage/stress

)
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u', will remain equal to this value until the level of input voltage

is lowered to value A. Then output potential of limiter falls to

zero.

K "_
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Fig. 6.24. Characteristic of ideal limiter.
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After traversing the filter, square pulse will be distorted, as shown

in Fig. 6.25c, while after traversing the delay line, it will be

shifted along the time axis to the right value t, (Fig. 6.25d).

Since adder and amplifier rely by ideal, i.e., contributing none

distortion, then after time t,+e pulse u" , again will appear at input

of limiter. T, here indicates the delay of oscillation/vibration in

the delay line, and 0 - delay of functioning limiter, caused by the

fact that the voltage on the input of limiter spends a certain time in

order to achieve the level of limitation A. Since the amplifier gain

K,>I, then the amplitude of pulse u" , has large value, than the pulse

amplitude at the output of delay line.

At output of limiter again appears square pulse of single

amplitude, whose duration is determined by difference in moments of

time t",, and ",, during which input signal passes through level a.

Let us designate through K(t) transient response of amplifier,

)
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and through ilL and I:'.- moments of time, which correspond to beginning

and end/lead of n pulse at output of limiter 1, then

K (in- - I-

FOOTNOTE *. The following analysis of the work of recirculator is

borrowed from the article of Yu. I. Neymark, Yu. K. Maklakov and L.

P. Yelkins [105]. ENDFOOTNOTE.
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Fig. 6.25. Performance record of recirculator.
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Here t -" indicates difference between moments of time, at

which pass fronts of the n-th and (n- l)-th pulses 9 - mentioned above

effective time lag o^ n pulse with respect to (n-l)-th pulse, caused

by combined action of filter and nonlinear element.

Further it is possible to write that

K(t -- -. . ..-.- ( ,,_-t3 )= A

or KI ' + ' x)-K ant- "'+i) A, (6.10)

where t", - duration of n pulse.U,)
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Latter/last relationship/ratio can be recorded in the form

In__ (t" n ,( . 1

expressing dependence of duration of n pulse from duration of (n-l)-th

pulse. If the duration of initial pulse t',: is assigned, then by

equation (6.10) will be determined the series/row of the durations of

pulses t' ') ,. In steady state, i.e., when n-oo, f"'z=t equation

(6.11) takes the form

t*,, =--, (-). (6.12)

This solution is stable, if

IV (0%,) 1 < I.

In case in question equation (6.12) can be recorded in the form.

K(o + t*%) )2A (6.13)

[we assume/set in formula (6.10) t J- l" J, 1" l1,

Page 351.

Equation (6.13) physically means that circulation of pulses in

system is possible only when maximum value of pulse at input of linear

element is twice more than as threshold of functioning limiter.

Stability condition for the case takes the form

< 0, (6.14)
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where H(t) - the pulse transient function of filter.

It can satisfy equation (6.13) series/row of durations of pulses

I, ti. -,: .... Stable of them will be only those, for which is fulfilled

requirement (6.14). Obviously, so that in the system could exist the

pulses at least of one duration the transient response of filter it

must not be the monotonically increasing function.

Calculation of recirculator with the ideal limiter.

Calculation of recirculator in steady state can be performed on

the basis of assumption about the fact that tube is ideal limiter.

Let us give the order of calculation of recirculator on the assumption

that it is carried out on the base of single-stage resistance-coupled

amplifier. The transient response of the amplifier for the region of

short times takes the form

K(t)=K,(I -e *), (6.15)

where m - time constant of anode circuit.

For region of long times

K I):_K c -'' ", (6.16)

where r4,, - time constant of transient circuit.

Calculation of recirculator can be performed in following order.

On the basis of the formula



S'79
DOC = 88076720 

PAGE 5-

K(0) =A, (6.17)

we determine the effective time lag of pulse in transit through the

filter and nonlinear element.

Page 352.

Since the time lag of pulses is caused by the limitedness of the

filter pass band in the region of higher frequencies, then into

formula (6.17) it is necessary to substitute value of K(t), determined

by expression (6.13),

whence

Effective time lag of pulses is determined by time constant of

anode circuit and depends on ratio of threshold of functioning limiter

A to factor of amplification K.. The greater K,, the less the

effective time lag; with K.-- effective time lag is equal to zero.

Pulse repetition period

T=1,+O.

For determining pulse duration we will use formula

K (i + s) = 1,

into which should be substituted expression (6.16), since pulse
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duration is determined by time constant of circuit, which causes

limitation of passband in region of lower frequencies:

t +9

Koe 1
C" -2A,

whence

t= -- c In K"-- (j

or

c.In2A + & I I -
t.=-o, n K-+-a it -K.

At output of nonlinear element pulse has ideal rectangular form.

At the output of the filter

U() K (t) TpH 0 < - 1,

u(t)=K(t)-K(t-t.) pH t >t.

Key: (1). with.

In these -formulas it is necessary to substitute complete

expression for transient response

K (I) = K. (e-'1' _-e-,' ).

Page 353.

Refinement of the form of the frontal part of the pulse.

Since pulse at output of ideal limiter has rectangular form, then )
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after passage through amplifier frontal part of pulse will be

described by transient response of amplifier for region of short

times. The time of the establishment of pulse in this case will

comprise 2,3Tn (speech it goes about the resistance-coupled amplifier).

Since for the circuits of nanosecond pulse technique there is greatest

interest precisely in a question about the duration of the pulse

edges, then it is desirable to conduct the refinement of the form of

the frontal part of the pulse in order to consider the effect on it of

the real properties of nonlinear element.

Let us assume that characteristic of nonlinear element takes

form, depicted in Fig. 6.26. The dependence between u,(t) and ,(A)

in this case is described by the equation

As can be seen from Fig. 6.26, when ,,,,<I value jj>uRx and

nonlinear element amplifies oscillation/vibration, and when u,,>l

value uj<usx and nonlinear element attenuates oscillation. This means

that in hunting system with this characteristic of nonlinear element

the steady-state oscillations can be established/installed. Let us

note that with 7=1 the characteristic of nonlinear element coincides

with the bisector of right angle, and with 7=0 accepts the form of

unit function. Thus, with the change 7 from 1 to 0 nonlinear element

passes from the circuit with the linear characteristic to the ideal

limiter.
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Fig. 6.26. Characteristic of nonlinear element.
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Thus, let us assume that characteristic of nonlinear element is

described by exponential function, and transient response of amplifier

for region of short times it takes form (6.15). Substituting these

expressions into nonlinear integral equation (6.8), we will have

u(x)- J [u(x-x -Z)jle-d=z=0, (6.18)

where x=l/%, X --af[a.

For determining form of frontal part of pulse there is no need.

for considering temporary displacement between pulses; therefore it is

possible to write

0(X) - u'(x- E) e-ldt =-= 0. (6.19)

We differentiate this equation for x:

-V
it, (X) + Vu (x- E) e-tdc- Jul (x) - e-"' (0)] 0

0
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or

u'(x)+u(x)=u (x). (6.20)

since u1(O)=O, and the integral, which stands in the next-to-last

expression, is equal to u(x) on the basis (6.19).

Equation (6.20) is nonlinear Bernoulli differential equation,

which easily is reduced to linear. Let us divide right and left of

the part of the equation on u"(x):

U-1(x)u (x) + U,-, (x)- 1

Let us designate

nu'- (x) = Z (x),the~n

(1 - Y) t-' (x)u' (x) = Z' (x).

Multiplying by (1-7) and making substitution, we come to linear

differential equation
Z' (X ) + 01 - ., (X ) = - .

Page 355.

Solving this equation and returning with initial variable u(x),

we obtain

/0
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.1 (x) (I - e-J'-)XII -
T (6.21)

This is refined formula, which describes frontal part of pulse.

In the diagram with the ideal limiter y=O and u(x)V1-e -x, the frontal

part of the pulse takes the same form, as the transient response of

amplifier. With the percentage distortion 7, different from zero,

occurs, in the first place, as if increase in the time constant 'a

8

'C c=- Y

in the second place, the form of the frontal part of the pulse

changes; it is described no longer by exponential, but more complex

function.
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Fig. 6.27. Frontal part of pulses in schematic of recirculator..
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Fig. 6.27 gives curves, which show law of change in pulse edge

for cases 7=0 and 7=0.5. It is well noticeable that with 7=0.5 is

developed a certain time lag in the build-up/growth of the frontal

part of the pulse.

Let us determine duration of pulse edge, on the basis of

condition that for this time output potential increases to 0.9 of

steady-state value. Since according to (6.19) the steady-state value

of the pulse amplitude is equal to one, the time of the establishment

3

= m m m i m i mI - -- - =
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When y=O ty= 2 3 Ta; with increase 7 it grows/rises and time of

establishment, approaching infinity with 7=1 (linear system).

6.8. SOME SCHEMATICS OF RECIRCULATORS.

Before examining specific schematics of recirculators, let us

make some observations of physical processes relatively occurring in

them. Recirculators are hunting systems with delayed feedback, in

which is possible the prolonged circulation of pulses. The

fluctuating overshoot of voltage on the input of amplifier is trigger

pulse in self-contained hunting system (or other section of diagram).

This overshoot is amplified by amplifier, also, due to unavoidable

stray capacitances (which together with output resistance of amplifier

form the integrating component/link), it is expanded. The expanded

pulse is supplied through the delay line to the nonlinear element,

designation/purpose of which is pulse clipping in the amplitude, which

provides establishment in the diagram of the stationary amplitude of

oscillations.

In diagram, which contains only enumerated elements, stationary

pulse duration cannot be established/installed, since neither

nonlinear element nor amplifier block unlimited pulse widening with

multiple traversal through integrating component/link.

Page 357.

)
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In order to avoid this expansion, in the schematic of recirculator the

shortening (differentiating) circuit must be contained. Transient

capacity/capacitance and leakage resistance in the circuit of tube

usually serves as this circuit. The time constant of this circuit, as

it was shown in the preceding/previous section, determines the

duration of the generatable pulses. The presence of the

differentiating circuit makes the transient response of the filter of

nonmonotonic, the need what has already been discussed earlier.

Let us now move on and to examination of schematics of

recirculators. Fig. 6.28 gives the schematic of recirculator,

described into [106). The first tube in this diagram is delivered

into such mode, during which its characteristic is utilized on the

lower bend. This tube is expander. rilter is formed by output

resistance of the first tube and by referred to it stray capacitance

of diagram (limitation in the region of higher frequencies), and also

by the elements of transient circuit c,, and R,, (limitation in the

region of lower frequencies). Amplifier is carried out on the second

tube. The output stage does not affect the passband of the diagram in

the region of higher frequencies, since it is loaded to the

low-resistance input of the resistor/resistance of cable. The load

resistance/resistor in the grid circuit of expander is equal to the

wave impedance of cable. In the region of lower frequencies filter

attenuation band defines chain/network C 0,R,,,, as has already been

mentioned above, but not chain/network Ce,2,&, since the latter has

considerably slow response. The delay time of pulse is determined in

( essence by the time of its passage on the cable.
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Fig. 6.28. Schematic of recirculator on two tubes.

Experimental research on the schemes of recirculator,

described into [106], showed that this diagram can generate pulses by

duration to 7 ns at the level with attenuation of I Np with the

repetition frequency 20 MHz. The amplitude of generatable pulses was

3 V. The cable with a wave impedance of 150 ohms was utilized as the

delay line. The author notes that the diagram easily was synchronized

from the external signal with an amplitude 0.01 V, applied to the grid

of the tube of expander. the shape of pulse is close to the

bell-shaped.

In work [107] are given results of study of regenerative pulse

generator on tube EFP-60 with secondary emission. This diagram

generated the pulses, whose duration was 5 ns, and repetition

frequency 50 MHz. Diagram and data of generator are cited in Fig.

6.29. Positive feedback in the diagram was achieved by application of

voltage from the anode circuit into the cathode. For the delay of
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feedback to this circuit the section/segment of coaxial cable with a

length of 5 m was connected. The starting voltage/stress was supplied

to control electrode of tube, and output pulse was removed/taken from

the load into the circuit of dynode. The amplitude of output pulse

was the units of volts.

In [108) description of recirculator on tube with secondary

emission, which generated pulses is given by duration of 5 ns with

repetition frequency to 170 MHz. The amplitude of the oscillations on

the load of 37.5 ohms reached 120 V. Pulses were generated by series

with duration into hundreds of microseconds. The schematic of this

recirculator is given in Fig. 6.30. Its basic part - strictly

recirculator - it is carried out on L, - tetrode with secondary

emission of patronymic production. The voltage/stress of feedback is

supplied from the anode L, into the cathode through cable RK-3.

Chain/network C,R,, realizes the automatic gain control, excluding the

possibility of the appearance of supplementary pulses in the

gaps/intervals between the bases and it shortens and it peaks trigger

pulse. Tube L, serves for an improvement in form and increase in the

slope/transconductance of trigger pulses.
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Fig. 6.29. Schematic of recirculator on tube with secondary emission.

Key: (1). Output. (2). Input.
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During the supplying to the input of the tube L, of trigger pulse the

first of diagram develops the standard trigger pulse, under action of

which the generator on the tube L, develops pulse train. The

repetition period of these pulses is determined by the delay time of

pulse in the cable and differs from it by several nanoseconds, spent

by electrons with the flight/span through the tube. The amplitude of

oscillations was determined by the saturation current of tube L,.

Study of recirculator on transistors is carried out into [109].

Fig. 6.31 depicts oscillator circuits: a - on transistors P411

(E,;=-5 V) and b - on transistor P403 (E,,=-5 V). The transformer

of this diagram has following data:

rpI wws= 21:21:7, Df=I 2 pi, S p=17 gof, eba.

In first diagram for provoding positive sign of feedback was)
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utilized supplementary transistor, and second - transformer.

Automatic control was realized by means of chain/network R1jC: i.

included in the emitter of transistor.

( . - - nn m u m nn m n i jr m
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Fig. 6.30. Schematic of recirculator on tetrode with secondary

emission.

Key: (1). V. (2). Launching/starting.
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Fig. 6.32a gives the voltage oscillogram on the collector/receptacle

of transistor (Fig. 6.31a), and in Fig. 6.32b - on load R,, of diagram

in Fig. 6.31b. In the diagram as delay unit was utilized cable

RS-400-7-12. The pulse repetition frequency in the first diagram was

8 MHz.

In (110] is investigated schematic of recirculator, to feedback

loop of which was connected delay line, with nonlinear amplitude

characteristic.

Oscillator circuit is given in Fig. 6.33. Generator is carried

)_
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out on the tubes 6VlP, connected according to the schematic of the

distributed amplifier for the purpose of the expansion of the passband

of diagram. The voltage/stress of feedback is supplied from the

dynode circuit into the grid through cable RK-3 and chain line, which

consists of 20 filter sections of the type M with the nonlinear

inductances. The cable segment is included/switched on for an

increase in the pulse repetition period.
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Fig. 6.31. Schematics of recirculators on transistors.

a) W-1.1 7-0,,,

b)

Fig. 6.32. Voltage oscillograms in schematic of recirculator on

transistors.

Key: (1). V. (2). div. (3). ns.
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Key: (1). output to DESO-1.
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The coils of filters were coiled around the 
ferrite cores of brand

VT-6. Output voltage/stress was removed/taken from the load

resistor/resistance of 75 ohms. The switching on/inclusion of

nonlinear chain/network led to the decrease of the duration of pulses

and duration of their fronts, and also to an increase in the pulse

amplitude, i.e., it led to the compression of pulses. In particular

the pulse edge in the anode circuit decreased from 70 to 20 ns, and

amplitude grew/rose from 35 to 50 V. The even better results gave

application of capacities/capacitances of p-n junctions in the
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feedback loop as the nonlinear elements. The minimum duration of

front in this case was 4 ns with the amplitude of pulses of 30 V.

.)
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Chapter Seven.

PULSING IN SOLID-STATE ELEMENT CIRCUITS WITH NEGATIVE RESISTANCE.

In recent years in pulse technique of microsecond range had

extensive application diverse semiconductor devices, mainly

transistors, which successfully replace electron tubes. On the

transistors are fulfilled all possible oscillator circuits -

multivibrators, blocking oscillators, trigger circuits, they are used

for amplifying of pulses, limitation, fixation of level and the like

[111). The large inertness of the processes of moving the charge

carriers, which did not make it possible to obtain steep edges in the

voltage/stress or current, high pulse repetition frequencies or high

counting rate blocked transistorization in the nanosecond pulse

technique. Therefore until recently nanosecond pulse technique to a

certain degree lagged behind the pulse technique of microsecond range

in the part of the application of such promising elements as

semiconductor devices.

Situation substantially changed after were opened and developed

new types of semiconductor devices - instruments with negative

resistance, in particular tunnel diode. The use of such instruments

not only made it possible to replace electron tubes in the series/row

of diagrams and devices/equipment, but also to make the large step

forward by means of increasing the speed of impulse circuits. A real
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possibility for the mastery/adoption of the subnanosecond range of the

pulse durations was provided.
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The tunnel diode, whose work is based on the quantum-mechanical effect

- the tunnel passage of the electrons through the potential threshold

- possesses the unique properties, which make with its irreplaceable

in the diagrams, in which is realized the transmission or the

conversion ,,t oscillations with the very wide spectrum. Tunnel diode

is the super wide-band active element (i.e. by the element, which

possesses negative resistance in the very broadband). Furthermore, it

is the element, whose nonlinear properties are retained to the very

high frequencies.

Tunnel diodes had extensive application in different areas of

technology. In the computers on them are fulfilled the high speed

switching elements, logic circuits, memory elements, etc. The

application of tunnel diodes in these devices/equipment made it

possible to substantially decrease their overall dimensions and to

raise speed. Tunnel diode has a switch time of less than 1 ns; the

access time, provided by memory units on the tunnel diodes, is

obtained less than 10 ns, which is considerably less than the access

time of memory units on the ferrites or cathode-ray tubes [112-120).

Great interest cause tunnel diodes in microwave technology.

Tunnel diodes permit implemention of a generation of the oscillations
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of virtually any frequencies, up to the submillimeter range. Just as

effectively work tunnel diodes, also, in the diagrams of. the

amplification of superhigh frequencies. Tunnel diode amplifiers

differ in terms of very small noise level (although exceeding the

noise level of molecular or parametric amplifier). The fact that the

tunnel diode retains its nonlinear properties to the very high

frequencies, are opened/disclosed prospects for its use in detectors

and converters of microwave oscillations [121-125].

In nanosecond pulse technique tunnel diodes are utilized as pulse

generators with very high repetition frequency, pulse generators of

subnanosecond duration, high-speed relays, peakers of pulses. They

are suitable also for amplifying the pulses of short duration.
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Tunnel diode according to the principle of its action is the

inertialess device (since the tunnel passage of the electrons through

the potential threshold does not require the expenditure of time) and

therefore it is of extreme interest for nanosecond pulse technique

[126].

Together with tunnel diode in pulse technique found use and other

semiconductor devices with negative resistance. Negative resistance

possess point-contact germanium diodes of the type DG- Ts4-DG-Tsl2

(section of negative resistance it is located they have on the

reverse/inverse branch of characteristic), avalanche-type diodes of
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the type p-n-p, four-layer diodes p-n-p-n, etc. [127]. There are

also semiconductor three-electrode devices with negative resistance

[128]. These instruments (in particular, two-electrode and

three-electrode instruments of the type p-n-p-n), are of interest for

the nanosecond pulse technique because they are the high-current and

relatively high-voltage instruments (in comparison with the tunnel

diode, which it works on the very low stress levels). The application

of these instruments makes it possible to obtain the powerful/thick

current pulses, the duration of fronts of which is the units of

nanoseconds [129).

7.1. OPERATING PRINCIPLE OF TUNNEL DIODE.

Tunnel diode was discovered by L. Ezaki in 1957 [130, 131].

Studying the phenomenon of the internal autoelectric emission of

electrons in the thin germanium p-n junctions, Ezaki detected the

anomalous course of the volt-ampere characteristic of diodes with the

high concentration of admixtures/impurities in the crystal (with the

concentration of acceptors N,,,,= 1,6.1019 cm-3 and concentration of

donors N... -,10" cm'3). The special feature of volt-ampere

characteristic was the presence of the maximum in the region of the

positive values of voltage/stress (approximately with 0.035 V.

Furthermore, this diode possessed larger back conductance, than in the

straight line. The form of the volt-ampere characteristic of diode is

shown in Fig. 7.1. As can be seen from figure, diode had

falling/incident section of volt-ampere characteristic, i.e., in

)
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specific range of change in voltage/stress on it it had negative

differential internal resistor/resistance [132, 133].
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As has already been indicated above, crystals from which diodes

were manufactured, had very high concentration of impurities. With

this concentration of impurities, thickness of p-n junction was only

100-150 A. Therefore electric intensity on the transition/junction

due to a contact potential difference reached value on the order of

100 kV/cm. Both these facts (large field strength and the small

thickness of transition/junction) lead to the fact that a certain part

of the electrons can pass through the potential threshold in p-n layer

due to the tunnel effect.

Tunnel effect is quantum-mechanical phenomenon. Its essence

consists in the fact that the particle, which has total energy W,, the

lower altitude of potential threshold W,, has different from zero

probabilities to penetrate through the barrier without a change in its

energy. This reveals the wave properties of material not observed in

classical mechanics. Probability that the particle will pass the

potential threshold, depends on the width of potential threshold and

its height. In the usual diodes the thickness of junction is such, that

the probability of the passage of electrons by tunnel effect is

negligibly small; noticeable tunnel current is observed only then when

the thickness of transition/junction it decreases to 150-200 A. The

significant role plays the value of the field strength on the
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transition/junction, which affects the height of the potential
threshold, decreasing it, and also decreasing its width.
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Fig. 7.1. Volt-ampere characteristic of tunnel diode.
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Fig. 7.2. Characteristic and diagram of zones for tunnel diode (each

diagram with numeral it corresponds to position of operating point on

characteristic of diode).

Key: (1). Forbidden band. (2). Free levels. (3). Fermi level.

Page 368.
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In order to explain course of volt-ampere characteristic of

tunnel diode, let us turn to simple zone diagram. Let us note

preliminarily that the tunnel passage of electrons is feasible only

when semiconductor is degenerate. In the degenerate nitype

semiconductor the Fermi level is located in conduction band, while in

the degenerate p-type semiconductor - in the valence band. As a

result the levels in the valence band of p-region higher than the

Fermi level turn out not to be filled with electrons, while in the

n-region the levels of conduction band, which lie below the Fermi

level, prove to be filled. The forbidden bands in this case will be

strongly shifted relative to each other.

With zero voltage on diode current, formed by electrons, which

pass due to tunnel effect from valence band on free levels of

conduction band, is equal to current of electrons, which pass from

conduction band to free levels of valence band, and therefore

resulting current through diode is equal to. zero (Fig. 7.2.1).

If we exert to tunnel diode voltage in forward direction, then

Fermi levels in p- and n-regions will be displaced and current of

electrons will from right to left be more than current in opposite

direction, as a result of which resulting current will be different

from zero. The position of zones for this case is shown in Fig.

7.2.2. From the figure one can see that against some of the levels,

filled with electrons in the n-region, some of the free levels of

p-region are located, whereas against some of the levels, filled with
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electrons in the p-region, the forbidden band is located. Shift of

Fermi levels will increase the electron current from the n-region into

the p-region will rise in proportion to further increase in the

voltage on the diode. Fig. 7.2.3 shows the position of zones in the

case, when tunnel current reaches maximum.

Vith further increase in voltage (Fig. 7.3.4) it will seem that

against some of levels, filled with electrons in n-region, forbidden

band will be located. Tunnel current decreases. When voltage on the

diode reaches that value, at which against the filled levels of

n-region the forbidden band will be located, tunnel current will

become zero (Fig. 7.3.5). Approximately with the same values of

voltage in the diode appears the usual (diffusion) current, which

rapidly increases with an increase in the applied voltage.
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When bias voltage is applied in opposite direction, electrons

which pass from p-region into n-region and creating tunnel current of

reverse/inverse branch characteristics have preferred position. The

position of zones in Fig. 7.2.6 corresponds to this case. As it

follows from the figure, with an increase in the voltage/stress

inverse current continuously increases, so for of the increasing part

of the electrons, that are located in the p-region, appear the free

levels in the n-region.

7.2. THE VOLT-AMPERE CHARACTERISTIC OF TUNNEL DIODE AND ITS

i_
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APPROXIMATION.

Volt-ampere characteristic of tunnel diode relates to

characteristics of W-type (or first class). The manager of variable

in instruments with such characteristics is voltage (Fig. 7.3a). At

the same time there are instruments, which possess the volt-ampere

characteristic of S-type (or the second class). An example of this

characteristic is shown in Fig. 7.3b . Current is the controllable of

variable in such instruments. They include, for example, four-layer

diodes, examined/considered further.

Fig. 7.4a gives graph/diagram of dependence of internal

differential resistor/resistance of tunnel diode on value of bias

voltage. As can be seen from this graph/curve, with voltages less

than U,, the internal resistor/resistance of diode is positive.
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Fig. 7.3. Volt-ampere characteristics of elements with negative

resistance of t-type 1a) and S-type (b).
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With U=U, the resistor/resistance of diode goes to infinity and with

further increase in the voltage becomes negative. The value of

negative resistance of tunnel diode is not constant. With a certain

value of voltage/stress corresponding to the maximum speed of a change

in the current, it has minimum value, and then it begins to increase,

being turned with infinity with U=U,. At high values of voltage the

internal differential resistance of diode becomes positive.
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Fig. 7.4. Dependence of differential resistor/resistance (a) and

differential conductivity of tunnel diode (b) on bias voltage.

Page 371.

The internal resistor/resistance of tunnel diode is positive with the

negative values of voltage. It is characteristic that for the tunnel

diode its resistor/resistance at negative values of voltage is less

than at positive values. Thereby tunnel diode is not unipolar (or

directed) element like usual diodes. The explanation to this special

feature of tunnel diode is easy to obtain from the examination of zone

diagram. Fig. 7.4b gives the dependence of the internal differential

conductivity of tunnel diode on the bias voltage.
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Together with internal differential resistor/resistance of tunnel

diode it is possible to examine its direct-current resistance R. This

resistor/resistance is equal to the ratio of voltage/stress to the

current at any point of volt-ampere characteristic. The

resistor/resistance of tunnel diode to direct current is the

resistor/resistance, which it exerts power supply. In Fig. 7.5 is

given the dependence of direct-current resistance of tunnel diode on

the voltage on the tunnel diode. From the figure one can see that in

section U,-U,, within of which tunnel diode possesses negative

differential resistance, its direct-current resistance sharply

grows/rises.

).
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Fig. 7.5. Dependence of resistor/resistance of tunnel diode to direct

current on bias voltage.
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Resistance R. is always positive, since with respect to the power

supply tunnel diode is always the user of energy.

Need of obtaining analytical expression for volt-ampere

characteristic of diodes appears during research on the schemes on

tunnel diodes.
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Fig. 7.6. Aproximation of volt-ampere characteristic 
of tunnel

diode by dog-leg functions.
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By the easiest method 
of the approximation 

of characteristic is 
the

replacement of objective 
parameter polygonal 

function - the so-called

dog-leg approximation.

Fig. 7.6a shows example to approximation of characteristic by

)
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three segments of lines, carried out according to following rule. The

first straight line connects points 0 and A, the second of point A and

C and the third of point C and B. The inclination/slope of these

straight lines gives the averaged differential resistor/resistance of

diode in section [0, U1), which let us designate R;,. in the section

[U,, U,] - R0 and in the section [U,, U,] let us designate R,2. Using

another method of the approximation of characteristic the third

straight line, given in rig. 7.6b, it is carried out as tangent to

the ascending branch of characteristic at point B. Asymmetry of the

volt-ampere characteristic of tunnel diode gives in certain cases to

the need for resorting to the approximation with its four line

segments, as shown in Fig. 7.6c. In this case the second and fourth

sections/segments are conducted as tangents to the linear sections of

the descending and ascending branches of characteristic before the

intersection with the third section/segment, which is conducted in

parallel to the axis of abscissas at level I=I,.

Sharply pronounced nonlinear characteristic of tunnel diode makes

dog-leg approximation little effective. Actually, with this

approximation the dependence of the resistor/resistance of tunnel

diode on the voltage/stress is represented by the step function, shown

in Fig. 7.7, and very distant from the real dependence, represented in

Fig. 7.4a.

I
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Fig. 7.7. Dependence of internal resistor/resistance of tunnel diode

on voltage/stress with approximation of volt-ampere characteristic by

dog-leg function (see Fig. 7.6a).
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At the same time, as this will be evidently from the following, during

the calculation of diagrams on the tunnel diodes, in particular

relaxation oscillators, the basic value, which determines the pulse

duration or repetition period, is the value of the resistor/resistance

of diode in sections [0, U1 ] and [U,, U,]. It is not surprising that

the essential disagreements between the theory and the experiment are

obtained with this approximation. Different results due to the

different methods of conducting the approximating sections/segments

are obtained, moreover, from calculations carried out according to the

methods of different authors. It is necessary also to keep in mind

that the dog-leg approximation does not make it possible to judge a

precise form of the generatable oscillations (in more detail this

question it is examined below).

)
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In connection with this in number of cases attempts to

approximate volt-ampere characteristic are made using functions of

another form. Thus, B. N. Kononov and A. S. Sidorov [134] propose

to approximate characteristic by the piecewise-exponential function:

ij (I U 2 u,<U<u, (7.1a)

Key: (I). with.

and

l (l, - 1) U, -U, Fl pjU,!<U <U,. (7.1t*

Key: (1). with.

Here 7 is determined experimentally. For the diodes tested by

the authors it was within the limits of 2.6-2.8.

Calculation of diagrams on tunnel diodes, whose volt-ampere

characteristic cannot be represented as dog-leg, is very complicated

operation.
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Fig. 7.8. Method of approximation of volt-ampere characteristic of

tunnel diode.
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However, the application of computer technology makes it possible to

perform similar calculations and poses the problem of finding this

flat approximating function, which in a comparatively simple form by

the best about would at once describe volt-ampere characteristic. One

of such methods consists in the replacement of real volt-ampere

characteristic by polynomial, in this case for the sufficiently good

representation of the properties of characteristic it is necessary to

take the polynomial of fifth degree.

Another approximation method of volt-ampere characteristic of

tunnel diode consisted of following [135]. It was established that in

the region of negative resistance the curve, which expresses

dependence in (I/V) in the function of the applied voltage/stress, is

straight line. in connection with this it was proposed to approximate

the characteristic of tunnel diode by the function
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I= II + III=AUe-
all +B[e b y - 11

In this expression I represents tunnel current, and IU -

diffusion current. In Fig. 7.8 solid line showed the volt-ampere

characteristic of tunnel diode, and dotted line - components of full

current according to the given formula.

If U<U,, then second term can be disregarded/neglected and then

/I -=-L'C' or In(I11U)InA-aU After constructing dependence In(1I/U) on

U, which is straight line, is easy to find a as the angular

coefficient of straight line, and ln A - as the section/segment,

intercepted/detached by it on the axis of ordinates. With U>U, it is

possible to disregard the first term and to count I==I,=B[e°u--I] or

Inl11 InB+bU After constructing straight line Inl,=f(u), it is possible

to determine values b and ln B. The authors indicate that the

accuracy of a similar approximation is better than ±10%.

7.3. EQUIVALENT DIAGRAM OF TUNNEL DIODE.

Equivalent schematic of tunnel diode for small amplitudes (and

when operating point it is located in falling/incident section of

volt-ampere characteristic) is given in Fig. 7.9.
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In this figure the part of the diagram, encircled by dotted line,

represents the equivalent diagram of p-n junction; - R. is negative



DOC = 88076721 PAGE

resistance of tunnel diode at the operating point, and C, - transition

capacitance. R, is the so-called resistor/resistance of spreading.

This is a resistor/resistance of the mass of semiconductor.

Inductance L, is the inductance of loadings of tunnel diode. Values

R., C., R, and L. are the parameters of tunnel diode.

As it was possible to see in given earlier Fig. 7.4a, negative

resistance of tunnel diode is not constant value, but to a great

degree it depends on voltage/stress applied to tunnel diode.

Therefore depending on the position of operating point on the

volt-ampere characteristic the value of negative resistance will be

different. This fact should be considered during the analysis of

diagrams on the tunnel diodes (in particular, during the analysis of

stability of amplifier circuits). Transition capacitance so is the

value, voltage-sensitive on the diode. However, with a change in the

voltage on the diode within the limits from 0.1 to 0.5 to a change in

the capacity/capacitance do not exceed 15-20* and therefore in the

majority of the cases capacitance value of transition/junction in the

equivalent diagram is counted constant and equal capacity/capacitance

with U=U,.

Three parameters of tunnel diode: L, C0 and R., are parasitic,

and their values as far as possible they try to decrease. Actually,

as it follows from the equivalent diagram (Fig. 7.9), the tunnel

diode between the external terminals/grippers is not purely active

inertia-free negative resistance - R. and certain impedance z,.

~)
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Fig. 7.9. Equivalent schematic of tunnel diode for small amplitudes.
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The presence of the scattering resistance R, decreases the value of

negative resistance (in terms of the absolute value). Capacitance of

C, shunts negative resistance; the presence of this capacitance does

not make it possible for voltage on the tunnel diode to change

abruptly. The presence of inductance L, in exactly the same manner

and gives to tunnel diode inertial properties, without

allowing/assuming an abrupt change in the current through the diode.

The parasitic parameters substantially worsen/impair the

high-frequency properties of tunnel diode.

For examination of effect of parasitic parameters on high-

frequency properties of tunnel diode let us turn to its equivalent

diagram.

Its input resistance

Z-= =R + j-L6 + , (7.2)

( . == = u na mu mmm
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where Z- resistance of junction, equal to

R. (7.2a)

is one of most important values, which characterize properties of

tunnel diode.

Substituting (7.2a) in (7.2), we obtain

(,=R. ,, cR + i (-L , + 7.3)

The active part of the input resistance of tunnel diode can be both

the positive and negative depending on the relationship/ratio between

the circuit-parameters. At the frequency, equal to zero, real part

Z,, will be negative, if R0>R; with other all frequencies the

condition of negativity ReZf1 is recorded then

R R. 2 (7.4)1, + ,,.C-R0 ,

It follows from this formula that with increase in frequency

satisfaction of condition ReC.,<O becomes complicated, since it

requires smallness of values R, and C,.

)
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Inequality (7.4) can be resolved relative to frequency. The

frequency, at which the active part of the input resistance of tunnel

diode becomes zero, it is called the cut-off frequency:

I I V (7.5)

When R=R. frr=O and diode not at what frequencies possesses

negative resistance. Cut-off frequency defines, to what limits (in

the frequency) tunnel diode taking into account its parasitic

parameters behaves as negative resistance.

Analysis of formula (7.5) shows that input resistance of tunnel

diode is negative in a wider frequency band, the less its parameters

R, and C,. It follows from the formula that the cut-off frequency

grows/rises with the decrease of negative resistance proportional to

root from R,.
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Fig. 7.10. Graph of input resistance of tunnel diode.

Page 379.

Active component of input resistance and cut-off frequency do not

depend on inductance L.

Upon inclusion of tunnel diode in diagram it is necessary to keep

in mind that its parameters change due to effect of network elements.

Parameters U, and R. grow/rise due to inductance and capacitance of

jumpers (or due to the inductance coils and resistor/resistance

specially included in diagram). The presence of unavoidable backs-out

resistor leads to increase in R,. All these reasons lead to the fact

that the critical frequency of tunnel diode in the diagram is obtained

below its natural critical frequency.

Cut-off frequency is one of fundamental indices of suitability of
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tunnel diodes for work as super wide-band device/equipment (generator,

amplifier).

Input resistance of tunnel diode Z.1 (O) can be represented on

plane (R, jX) in the form of curve, shown in Fig. 7.10. If inductance

L. was equal to zero, then curve would take the form of

semicircumference. At the frequency, equal to zero, the

representative point lies/rests to the left of the axis of ordinates

and has coordinates [R-R, 0]. At the infinite frequency when L,=O the

representative point lies/rests to the right of the axis of ordinates

and has coordinates JR, 01. The presence of inductance changes the shape

of the curve, giving to it the form, shown in the figure by solid

line. Point of intersection with curve with the axis of ordinates
a

gives cut-off frequency, i.e., that frequency, at which the active

part of the input resistance becomes zero. The frequency, at which it

is turned into zero reactive parts of the input resistance of tunnel

diode, it is called the resonance frequency of tunnel diode. It is

easy to obtain from formula (7.3) that

I 17 ( L ). (7.6)

Equivalent schematic of tunnel diode, given earlier, is mixed

series-parallel diagram.
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In a number of cases it is desirable to have either purely consecutive

-( I III I
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or purely parallel equivalent circuit. Series circuit of the

substitution of tunnel diode is depicted in Fig. 7.11. In this

diagram 1 + WtC2 '2

R. !' + - OR,I°= + W.c2R 2 2'= .cR

In other cases to more conveniently use the parallel equivalent

circuit, shown in Fig. 7.12. In the parallel diagram

R1+w'L_ R2"+_w'L2

R%~ R.

Diagrams given above were valid for the small signal level.

During the analysis of the processes, which occur in the diagrams on

the tunnel diodes, when the amplitude of oscillations cannot be

considered small, it is necessary to take the schematic of the

substitution of tunnel diode in the form, represented in Fig. 7.13.

On this diagram the p-n junction is substituted by capacitance C, and

nonlinear element N, the current through which is connected with the

voltage applied to it with dependence I=o(U), where o(U) - equation of

the volt-ampere characteristic of tunnel diode.
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4S *R# Co

C, I

Fig. 7.11. Fig. 7.12.

Fig. 7.11. Series circuit of substitution of tunnel diode.

Fig. 7.12. Parallel schematic of substitution of tunnel diode.

Co W

Fig. 7.13. Schematic of substitution of tunnel diode for large

amplitudes.
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7.4. PARAMETERS OF TUNNEL DIODES.

Let us become acquainted now with parameters of tunnel diodes,

entering its equivalent diagram, but so with some properties of tunnel

diodes about which it was not mentioned earlier.

Tunnel diodes, as has already been spoken, differ from usual

diodes in terms of very high concentration of admixtures/impurities.

Therefore the properties of tunnel diodes, their parameters and

characteristics first of all depend on impurity content. Described in
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[136) is the experiment, which showed that, by changing the degree of

the alloying of semiconductor, it is possible consecutively/serially

to switch over from typical tunnel diode to usual semiconductor diode.

The falling/inciC>nt section on the volt-ampere characteristic of

tunnel diode is formed only if concentration of admixtures/impurities

in such semiconductors as germanium or silicon, has a value of

approximately 1019 cm-3. With this concentration germanium (or

silicon) is the degenerate semiconductor and in the diode the tunnel

passage of electrons can be observed. The value of negative

resistance of diode is inversely proportional to the probability of

the tunnel passage of electrons. -In turn the probability of tunnel

passage depends substantially on thickness of p-n junction, i.e., from

the width of the potential threshold. The higher the concentration of

admixtures/impurities, the less the thickness of transition/junction

and, therefore, the less the value of negative resistance.

Table, which shows dependence of value of negative resistance and

time constant of tunnel diode from electron concentration in n-region

for some specimen tunnel diodes, is given to [126].

Increase of concentration of admixtures/impurities in

semiconductors for decreasing negative resistance of tunnel diodes is

limited to solubility of elements in germanium or silicon.

I ~ --
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Table 7.1.

, . CH ' PO. Ox RC 0 , ncav

2,4 I01' 9 4,5
:1.(6 0( 4,5 0.9
4,8 I' i 0,05

Key: (1) ... o .m. (2) ... nS.
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Thus, critical solubility in germanium of n-type comprises for P(>10"

cm-), As(1.8-1020 cm-3), in germanium of p-type for Ga(5.102 0 cm-3),

for A1(4.102 0 cm-'). Besides germanium and silicon for producing the

tunnel diodes are utilized also SiC, InSb, GaAs. Tunnel diodes from

gallium arsenide cause the greatest interest at present.

Second fundamental parameter of tunnel diode is capacitance of

p-n junction. This capacitance is greater, the higher the

concentration of admixtures/impurities in the semiconductor. Increase

in the concentration of admixtures/impurities, which thereby leads to

the decrease of negative resistance, gives undesirable effect in the

form of an increase in the transition capacitance. From Table 7.1 it

is evident, however, that the decrease of negative resistance occurs

more rapidly than an increase in the transition capacitance, so that

the time constant of tunnel diode decreases with the increase of the

concentration of admixtures/impurities. Value CR 0 , as we shall see

further on, determines the high-frequency properties of tunnel diodes.

As already mentioned earlier, thickness of p-n junction in the tunnel
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diodes composes 100-150 A. With this thickness the transition

capacitance reaches the very significant magnitude of 5 mF/cmz. With

the diameter of transition/junction 38 g its capacitance will be 100

pF (126). Therefore for obtaining the very small transition

capacitances it is necessary to substantially decrease the area of

transition/junction. In this case respectively increases negative

resistance of diode. As it will be shown below, there are tunnel

diodes, whose capacitance comprises fractions of picofarads [137].

Resistor/resistance of spreading R8 for tunnel diodes ranges from

portions to units of ohms (in certain cases value R, it can be and

more). Inductance L, is determined by the construction/design of

tunnel diode. Usually it is portions or units of nanohenry.

Besides parameters enumerated above tunnel diodes are

rated/estimated so by value of maximum value of tunnel current, by

position of maximum, "solution/opening" of characteristic and by some

other indices.

Although penetration probability of electrons through potential

threshold due to tunnel effect is sufficiently small, strength of

tunnel current through transition/junction can be very considerable.

The density of tunnel current is 103 A/cm2 [126].

Page 383.

Therefore in the sufficiently large area of transition/junction the
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strength of maximum current in the tunnel diode can reach the units of

amperes [136]. However, in this case respectively grows/rises

transition capacitance.

For high-frequency tunnel diodes strength of maximum current I,

is portions or units of milliamperes. The strength of maximum current

increases with an increase in the concentration of

admixtures/impurities. In this case an increase in the degree of the

alloying of n-region increases the maximum value of tunnel current,

without changing the position of maximum, but an increase in the

degree of the alloying of p-region it increases the maximum of current

it displaces its position into the region of the high values of

voltage.

One of characteristics of tunnel diodes is value of ratio of

maximum current I, to minimum current I,.. The greater this relation,

the sharper the drop in the volt-ampere characteristic of tunnel diode

in the region of negative slope/transconductance. The value of ratio

I,/I, is determined in by material, from which is manufactured the

diode. It comprises 3-4 for Si and 40-70 for GaAs. It follows from

given data that from the point of view of obtaining the larger value

I,/I, the best material is gallium arsenide, and worst - silicon.

They are interested also in the voltage at which is reached current

I,, i.e., by value U, of the component of 30-50 mV for GaSb and 90-120

mV - for GaAs.



DOC = 88076722 PAGE

By "opening" of volt-ampere characteristic of tunnel diode is

understood voltage difference AU between two points of

characteristics, current in which is equal to I, (see Fig. 7.6). The

greater this value, the greater, in particular, the drop in the

voltage removed from the tunnel diode in the mode of switching. It is

approximately 200 mV for GaSb and 600 mV for GaAs. More detailed data

for different materials are cited further in table 7.2.

With work of tunnel diode as switching element together with time

constant 7=CR0 (it it is equivalent to reciprocal value of quality of

tube) are interested in value ratios I/C., which does not depend on

area of transition/junction, but it depends only on concentration of

admixtures/impurities.
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For germanium I,/Ci is 0.3-1 mA/pf, for silicon - approximately 0.5

mA/pf and for gallium arsenide of 10-15 mA/pf. In this respect

gallium arsenide is also the most promising material for producing the

tunnel diodes.

Parameters of tunnel diodes enumerated above are given in Table

7.2 [138] and 7.3 [137].

It follows from Table 7.2 that the smallest time constant, equal

to 0.5.10-11 s, is possessed by tunnel diodes from indium antimonide.

Such tunnel diodes can successfully be used in the high speed
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electronic computers; however, they have the deficiency, that they can

work only at low temperatures. Table 7.3 gives data of the special

superhigh-frequency tunnel diodes, which have very small transition

capacitance. In the last column of table the critical frequency of

tunnel diodes is given.

Let us pause now at dependence of parameters of tunnel diodes on

environmental factors, such, as temperature, emission, etc. As is

known, the parameters of transistors and usual semiconductor diodes

strongly depend on temperature. Temperature effect on the properties

of tunnel diode is characterized by a certain peculiarity.
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Table 7.2.

II I , .
(d . 11/12 R.C.. cew

MaTepia. Ag.eN U'. ME . g

InSb - - - 7-1) 0,5 10-"
Ge 40-70 270-350 280 10-15 0,5 10-'

GaSb 30-50 200-250 200 15-2 0.1 10-'
SI 80-110 400-500 400 3-4 0.2 10-s

GaAs 90-120 450-700 580 40-70 0,1 10-'

Key: (1). Material. (2) ... mv. (3) ... s.

Table 7.3.

M;1toepra.j RC. oO R jc3,. n. I rp rz

.V-Ge 190 6 0,24 I8,5

P-Ge 116 4,5 0,13 52,5
P-(OaAs 220 40 0,04 3s
V-GaAs 350 20 0,027 70

Key: (1). Material. (2) ... ohm. (3) ... pF. (4) ... GHz.
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Tunnel diodes on the strength of the fact that the semiconductor in

them is degenerate and Fermi level remains in conduction band or in

the valence band for regions n- and p-type respectively even at very

low temperatures, they can work even at a temperature of liquid

helium. It is shown in [136] that a change in the temperature of

diode from -193 to +200 0C does not lead to a change in position U of

the maximum of tunnel current; very current strength is changed in

this case not more than by 20%.

With an increase in temperature of tunnel diode increase in

)
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diffusion current begins. The minimum current of diode I, increases

because of this and value I,/I, decreases. The size/dimension of the

falling/incident section of volt-ampere characteristic is decreased

and at a certain temperature entirely disappears. The maximum

temperature, at which tunnel diode still retains its properties, is

equal to +250 0C for Ge, +400 0C for Si and +600 0C for GaAs [136].

Thus, tunnel diodes differ from other semiconductor devices

considerably in terms of the broader band of operating temperatures.

Tunnel diodes are characterized by also high permissible

intensity of radioactivity. The characteristics of silicic and

germanium tunnel diodes noticeably deteriorate during irradiation by

their fast neutrons with a density of 10'' neutrons/cm1 or by

electrons with the energy 7 MeV at the density of flow 1017Oe/cm2. As

a result of irradiation the strong increase in the minimum current,

which leads to the disappearance of the section of characteristic with

the negative slope/transconductance, occurs.

Speaking about advantages of tunnel diodes, it should be pointed

out that they consume power, approximately by an order smaller than

transistors, and they are also characterized by small overall

dimensions and weight.

At conclusion of present section let us pause at some questions

of measurement of parameters of tunnel diodes.
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Removal/taking volt-ampere characteristic of tunnel diodes can be

realized with the aid of automatic voltampere recorder, whose

schematic diagram is shown in Fig. 7.14 [139]. It is the bridge, one

of arms of which consists of tunnel diode TD and resistor/resistance

R , .

Page 386.

Resistor/resistance R, must be lower than the minimum (on the

modulus/module) value of negative resistance of tunnel diode for

guaranteeing the stable operation of diagram. Special attention

should be given the inductance of the holder and the

resistors/resistances would be being brought to the minimum. The

alternating voltage from the generator of low frequency is introduced

in the diagonal of bridge.

Before removal/taking of volt-ampere characteristic bridge is

balanced with off diode. After the switching on of tunnel diode

voltage ui will vary in proportion to the current through the tunnel

diode, and Ue will be voltage on the tunnel diode. Amplifying

voltages ui and Ue and supplying the first of them to the those the

vertically deflecting, and the second - to the horizontal deflectors

of oscillograph, we will obtain on the screen/shield the curve, which

expresses the dependence of the current through the diode on the

voltage on it, i.e., the volt-ampere characteristic of tunnel diode.

With the aid of system described above it is possible to conduct
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measurement of differential resistor/resistance of tunnel diode in any

section of characteristic [139]. For this purpose into the diagonal

of bridge is introduced the source of bias voltage and the source of

alternating voltage 8 of low frequency (so that it would be possible

to disregard/neglect the reactive/jet circuit parameters). The

amplitude of alternating voltage must comprise not more than the units

of millivolts on the tunnel diode.
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Fig. 7.14. Diagram for removing/taking volt-ampere characteristic of

tunnel diode.
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Balancing bridge on alternating current, is found the

resistor/resistance of the arm, in which the diode is included:

R2R'

Rw.nR where Rlr -R, R, - resistor/resistance of

spreading, and RA.- resistor/resistance of diode. In the

falling/incident section of characteristic Rjt<o.

7.5. Stability of the diagrams, which contain tunnel diodes.

Since diagrams, which contain elements with negative resistance,

are potentially inclined to self-excitation, let us examine question

about stability of diagrams on tunnel diodes. In S 7.4 there were

established concepts of the cut-off frequency of tunnel diode f,,,. at

which it is turned into zero active parts of its input resistance, and

resonance frequency f,. at which it is turned into zero reactive parts

of the input resistance.
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It is obvious that if cut-off frequency

frp - I Ro

will be equal to resonance

_L I/T (_ L

the at frequency" fp the resistance of the circuit, formed by

parasitic parameters of tunnel diode, will be equal to zero. Tunnel

diode will be unstable, i.e., will spontaneously generate sinusoidal

oscillations. Equality frp and fpe3 means that

R,

So that tunnel diode would be stable it is necessary that

,,ei>frI) or R,>L/RCo. But if he 3 2+frp or then tunnel diode

will be unstable.
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If external elements of network (inductance, effective

resistance) are connected to tunnel diode in the manner that it is

shown in Fig. 7.15, then it will be the stability condition of diagram

L

where

--( m~m] •lmmml[
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R R. + R..: L -. L.+L,,.

It follows from this formula that switching on/inclusion of

inductance raises danger of self-excitation of diagram on tunnel

diode. Therefore during the construction of diagrams on the tunnel

diodes it is necessary to take special measures for decreasing the

inductance of the jumpers and other parts.

Let us turn again to diagram, represented in Fig. 7.15. The

processes, which occur in this diagram, can'be described by the

differential equations

i=C.-du-1-(u), L'- Ri+u=E.du d

Here i - current of duct/contour; u - voltage on tunnel diode;

o(u) - equation of volt-ampere characteristic of tunnel diode.

In state of equilibrium, when alternating voltage components and

current will be absent,

i-=z(U), Ri+u=E.

,)
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Fig. 7.15. Circuit diagram of elements of external circuit.
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These equations determine points of intersection with load

straight line with volt-ampere characteristic of diode. Equation of

the load straight line

It is obvious that depending on value of load resistor/resistance

and voltage of source of bias/displacement position of load straight

line with respect to volt-ampere characteristic of diode can be

different. Fig. 7.16a shows the case, when load straight line

intersects volt-ampere characteristic in the falling/incident section,

moreover so that the inclination/slope of full-load saturation curve

is more than the inclination/slope of volt-ampere characteristic.

Fig. 7.16b shows the case, when the value of bias voltage is

undertaken either small or large, so that full-load saturation curve

intersects volt-ampere characteristic only at one point in the section

with the positive slope/transconductance.
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a) C)

Fig. 7.16. Position of load straight line with respect to volt-ampere

characteristic of tunnel diode.

Li,

Fig. 7.17. Approximation of section of volt-ampere characteristic of

tunnel diode.
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Finally, Fig. 7.16c gives the case, when load straight line intersects

volt-ampere characteristic at three points. These points indicate the

position of equilibrium of system. It is known for [843 that if the

load straight line has one point of intersection with the volt-ampere

characteristic, then the state of equilibrium is stable, and if three

points of intersection, then end states are stable, and average -

unstable.

i)
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We linearize volt-ampere characteristic of tunnel diode in

section with negative slope/transconductance (Fig. 7.17), after

assuming

Re

Then the system of equations, which describes processes in the

diagram, will take the form:

du- u -- . - .

diLT-+Ri+u=E.

Substituting second equation into the first and converting, we

obtain

di-I L 'di R - R

L

(U0 - E -+r Roio).

General solution of this equation takes form

i=A~e)"" "+ A~e "' -+ R -- u-Ri

where

2 R.C. L) J LCIW) F(E P.C.)

Assuming/setting

W-- VLC,' &= wRoCo, '(I

we obtain
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Fig. 7.18 depicts diagram of stability, which has four zones. If

the circuit parameters are such that the values n and 6 corresponding

to them fall to zone I, then in the diagram the excitation of

sinusoidal oscillations will be observed. The sinusoidal damping of

oscillations corresponds to the parameters which fall into zone II.

Zone III is a zone of exponential damping of oscillations, while zone

IV - the zone of an exponential increase in the oscillations. This

zone is of greatest interest from the point of view of the generation

of relaxation oscillations.

R

Let us assume that relation --0..i and let us explain effect of

parameter 6 on processes, which occur in diagram with tunnel diode.

With the change 6 from 0 to 0.52 (to these values of the parameter 6

at those fixed/recorded R, and C, it corresponds the greatest value of

inductance L) in the diagram occurs aperiodic instability, i.e.,

diagram can work as switch or as relaxation oscillator.
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0.! ___

0 V0s 1.0 f,5 2.0 2.5 Y'0

Fig. 7.18. Diagram of zones of stability and instability of diagrams

on tunnel diode.
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With a decrease of inductance (6>0.52), the equilibrium in the diagram

remains unstable, but the form of the generatable oscillations

acquires sinusoidal nature. With an even smaller value of inductance

(6>1.5) the state of equilibrium becomes stable and the randomly

emergent in the diagram oscillations attenuate. With this

relationship/ratio of the parameters the diagrams on the tunnel diodes

are utilized for amplifying the oscillations.

Thus, from diagram examined it follows that with R>R, state of

equilibrium of diagram is unstable with any relationships/ratios of

parameters. With R<RO the state of equilibrium can be both the stable

and unstable depending on the value of inductance L. Let us note that

the equation curved, dividing zones I and I, takes the form
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H- - H R =C.R,.

Key: (1). or.

This curve is boundary, which divides zones of stability and

instability. So that the diagram would be stable it is necessary that

R>+L. This conclusion was already obtained earlier of the simple

physical considerations. The examination of the zones of stability

and instability shows that the range of a change in value R, in which

the diagram remains stable, lies/rests within the limits

R>R> L

7.6. BISTABLE FLIP-FLOP ON THE TUNNEL DIODE.

Bistable flip-flop is diagram on tunnel diode, for which must be

carried out condition R>R,. To the mode of the work of bistable

flip-flop corresponds such position of full-load saturation curve with

respect to the volt-ampere characteristic, in which they intersect at

three points. Bistable flip-flop is utilized for converting the

oscillations of sinusoidal or other form into the sequence of

steep-sided pulses.

Simplest schematic of bistable flip-flop is given on Fig. 7.19

and consists of tunnel diode TD and resistance R (power supply is not

9
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shown).
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With the work of tunnel diode as the switching element should be

distinguished the mode of switching current, which occurs with the

load resistance/resistor, close to negative resistance of diode at

operating point R,, and the mode of switching voltage, which occurs

with R>>Ro. In the first case a considerable change in the current

through the tunnel diode occurs, and flip-flop has high sensitivity to

the input voltage; however, the amplitude of output voltage is

comparatively small. In the second case a change of the current is

small, the sensitivity of flip-flop proves to be low, but the

amplitude of output voltage has the significant magnitude. Usually in

the impulse circuits the mode of switching voltage is utilized.

Process of impulse shaping from sine voltage is shown on Fig.

7.20. As can be seen from the figure, the steep-sided pulses are

obtained at the output of diagram, although their form strongly

differs from rectangular. A negative drop/jump in the pulses is less

than the positive.
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Fig. 7.19. Diagram of bistable flip-flop.

USS UU

Fig. 7.20. Process of impulse shaping in bistable flip-flop.
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The pulse duration at the output of the diagram is determined by the

frequency of sine voltage, and amplitude - by characteristic of tunnel

diode.

From point of view of possibility of obtaining maximally narrow

pulses via their subsequent formation from pulses, developed by

flip-flop, there is greatest interest in determination of duration of

fronts. The switch time of flip-flop on the tunnel diode is

determined only by the elements of its network, since the tunneling )
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junction of the electrons through the potential threshold can be

considered inertia-free. This property of tunnel diodes differ

significantly them from other semiconductor devices. In the mode of

switching voltage in the form of the smallness of a change'in the

current it is possible to disregard the effect of its own inductance

of tunnel diode; therefore switch time will depend only on transition

capacitance.

During analysis of work of bistable flip-flop the fundamental

question is the determination of switch time of tunnel diode, which

assigns steepness of pulse edges at output, and also operating speed

of flip-flop, i.e., frequency of switchings.

Above has already been indicated that tunnel passage of electrons

through potential threshold does not require expenditures of time;

therefore switch time of tunnel diode is completely determined by its

parasitic parameters. In the case, when tunnel diode works in the

mode of bistable flip-flop, its full-load saturation curve is

arranged/located with respect to the volt-ampere characteristic in the

manner that it is shown in Fig. 7.21.

( . .,,,,,i m mm m
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Fig. 7.21. To explanation of process of switching flip-flop.
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(Let us note that here for convenience in the graphing there is

undertaken the mode of switching current; everything said completely

relates below also to the mode of switching voltage). Operating point

in initial state is in position A. Then to the diode is supplied the

slowly increasing voltage, under the action of which the operating

point passes from A to B. From this time on diagram it. considers to

itself given. Since position B is unstable, then the operating point

abruptly passes from B to C. The formation of the front of output

pulse occurs at this moment of time. If diagram did not contain

reactive/jet elements, then the transition from position B to position

C would be completed instantly. Under the actual conditions to this

transition/junction the time, called the time of straight/direct

switching, is required.

After operating point fell into position C, it spontaneously is
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moved to position D. This state of equilibrium is stable, and in it

diagram can be found the unlimited time. In computer technology the

first stable position of flip-flop (point A) is counted for zero, and

the second stable position (point D) - for one. In order to transfer

flip-flop from the state, characterized by position D, into the state,

characterized by position A, it is necessary to decrease the voltage

on the diode, so that the operating point could pass to position E.

Hence it spontaneously abruptly will pass to position F, and then in

A. The time required for the transition/junction of operating point

from E to F is called the time of reconnection of diode.

For realization of reconnection of diode it is necessary that

converted voltage would decrease so that voltage on diode would become

less than U2 . In the computers for this purpose the negative dumping

pulses are supplied.

Let us examine in more detail process of straight/direct

switching. In the mode of switching the voltage of point C and D they

lie/rest very closely to each other, and therefore we will not take

into consideration transit time from C to D. Therefore, it is assumed

that the current through the diode virtually is not changed during the

switching.

Page 396.

At the moment of time t=O, which corresponds to the beginning of

switching diode, the operating point is located in position B and
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entire current, developed by source, is the current of diode I,. Let

us note that the voltage of source in the case, when diagram works in

the mode of switching voltage, is sufficiently great; it is equal to

the voltage, which corresponds to the poin6 of intersection with the

straight line AD and axis of abscissas.

Voltage on diode and, therefore, on capacitance of C. is equal

U,. As soon as voltage on the diode it will exceed value U,, begins

the charge of capacitance of C,. The charge of capacitance of C.

becomes possible because with an increase in the voltage on the tunnel

diode its current decreases. Therefore appears certain spill current

ir=i--; which goes to the charge of capacitance.

Process of charge of capacitance is developed avalanche-like. As

soon as small the charging current begins to flow through the

capacitance, voltage on the capacitance grows/rises. The increase of

voltage causes reduction in current through the diode and increase in

the current through the capacitance. Voltage/stress on the

capacitance begins still more rapid, which leads to an even larger

increase of charging current, etc. The avalanche-like increase of

voltage on the capacitance (and, therefore, on the tunnel diode)

occurs until with an increase in the voltage on the capacitance

grows/rises the current of charge, i.e., until the voltage achieves

value U,. In other words, the avalanche-like process in the diagram

on the tunnel diode lasts until tunnel diode is negative resistance.

3)
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After the voltage on diode achieved value U,, voltage on

capacitance continues to increase, since through it current of charge

continues leak. However, the strength of current of charge now no

longer increases, and it decreases with an increase in the voltage,

and therefore rate of voltage rise on the capacitance falls.

It is easy to see, that rate of voltage rise on capacitance or,

that it is more clearly, time, required for increase of voltage on one

volt, is different for different sections of curve. At point the V

current of the charge of capacitance is equal to zer6; therefore if at

the moment of time t=0 input voltage does not exceed the value of

voltage U., then operating point will be unlimitedly for long located

in this position (on the assumption that in the diagram they are

absent are electrical fluctuations).

Page 397.

In order to displace operating point from this position, it is

necessary that the starting voltage would exceed value U1.

Fig. 7.22 shows time characteristics of tunnel diode [140).

Depending on the value of the overvoltage (i.e. the values, which

show, to how much voltage of starting/launching it exceeds value U,)

the retention time of operating point in the vicinities of point B is

different. This time is called the delay time of functioning, and it

is the greater, the less the value of overvoltage. However, as far as

very switch time is concerned, it barely depends on the value of
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overvoltage.

It is not difficult to explain the course of these graphs/curves.

As has already been said earlier (chapter 5), avalanche-like processes

are characterized by the fact that at the initial moments of the time,

when the changing value of voltage is low, its change occurs with the

very low speed and for achievement with this value of any level long

time is required. After the changing value achieved certain,

sufficient large, value, it begins to grow/rise at a very high speed.

Supply to the diode of the starting voltage, which exceeds voltage U1,

is necessary for an increase in the voltage of up to the level, on

which the speed of its change would be sufficient large.

Let us now move on to timing of switching [134).

9
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Fig. 7.22. Form of frontal part of voltage pulses on tunnel diode

with different values of value of overvoltage.

Key: (1). overvoltage.
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At the moment of time t>0 the current of the charge of capacitance

(Fig. 7.23)
ic = - - - L

where E - value of voltage, which corresponds to the point of

intersection with the straight line AD and axis of abscissas. Rate of

the increase of voltage on the capacitance

"du ic

The time, during which this voltage will change from value U, to U,,

is equal
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f- ta = ld

U,

Let us designate through AU difference U,-U, and we will consider

that pulse edge is formed/shaped in period, required for changing

voltage on capacitance from value U,+0.IAU to value U,-0.1U. Then

U,-.IAU

f ' C i c

U,+OIAU

Let us consider that 1c I,-i, where iA is approximated by function

(7.1a).

j)
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Fig. 7.23. Determination of switch time.

Fig. 7.24. Dependence of m on 7.
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After substituting this expression into the formula for t4, we will

obtain
1,-l, fAU

tzC - du

U I 
( T ) R C ,

where m(7) is certain coefficient. The graph/diagram of dependence of

m on 7 is given in Fig. 7.24. With 7=3.6-2.8m=2, whence the duration

of the front of the positive drop/jump

f4, -- 2CoR.

To analogous results come other authors [126, 141].

Work [140] gives graph/curve, which shows so they are called
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switching characteristics of germanium tunnel diodes (Fig. 7.25). It

is to the right plotted along the axis of ordinates: N - carrier

concentration in the semiconductor of the type n and p -

resistor/resistance of a semiconductor of the type n. Along the axis

of abscissas is plotted the strength of maximum current of diode I,

and the maximum power P, scattered by diode. To the left along the

axis of ordinates is plotted the ratio of the maximum current i, to

capacitance of C. and constant

representing the switch time of diode.

)
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Fig. 7.25. Nomogram for determining parameters of tunnel diode.

Key: (1). s. (2). mA/pr. (3). 0e/cm3  (4). f/cm. (5). pF.

(6). w.
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The dependences between the values indicated are expressed by the

lines, constructed for the different values of the diameter of

transition (or capacitance C.). It follows from Fig. 7.25 that with

the capacitance of diode C,=10 pF and I,=50 mA the switch time is

equal to 0.1 ns.

7.7. MONOSTABLE FLIP-FLOP ON THE TUNNEL DIODE.

Monostable flip-flop on tunnel diode represents system, which

possesses by one stable and one by unsteady states of equilibrium. In

initial state the diagram is in the steady state; trigger pulse moves

it into unsteady state, from which it under the action of external
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reasons comes again into the steady state. For the monostable

flip-flop on the tunnel diode is characteristic the fact that the

full-load saturation curve intersects volt-ampere characteristic only

at one point (see Fig. 7.16b).

Let us examine processes, which occur in diagram (Fig. 7.26) in

the case, when full-load saturation curve intersects volt-ampere

characteristic of tunnel diode at point A (Fig. 7.27). In this state

on the tunnel diode operates voltage U. and through it flows current

la. Undef the action of external voltage (trigger pulse), the full-load

saturation curve is moved to the right; operating point passes from

position A to position B, and then rapidly jumps to position C.

Inductance L, supports the constancy of current at the moment of

switching. After migration/jump the operating point begins slowly to

be moved from position C to position D. At this time the energy,

accumulated in the inductance coil, gradually is scattered on the

effective resistance of diagram and the current through the inductance

decreases.

)
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Fig. 7.26. Schematic diagram of monostable flip-flop.

Key: (1). Starting/launching. (2). output.
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When operating point falls into position D, it abruptly passes to

left branch of volt-ampere characteristic to position E. At this

moment of time begins the increase of the current through the tunnel

diode and, therefore, through inductance L,. Magnetic energy of

inductance coil begins to grow/rise; the battery, which feeds diagram,

is its source. Operating point is moved from E to A. The last

position of operating point is stable, and in it it is found until

trigger pulse again enters the diagram.

Process, which occurs in monostable flip-flop, can be broken into

four stages. The first, during which operating point jumps from

position B to position C, is a stage of the formation of the pulse

edge or straight/direct switching. The second stage, during which the

operating point passes from position C into D, is a stage of shaping

of pulse apex. Third stage - the migration/jump of operating point

from position D into E - the stage of the formation of the

shear/section of pulse or reconnection (jettisoning). Finally, the

fourth stage, which corresponds to the transition/junction of

operating point from position E into A, the stage of

restoration/reduction.
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Fig. 7.27. Determination of recovery time t, and duration of pulse t.
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Process of switching diagram on tunnel diode has already been

examined earlier; therefore let us now pause only at determination of

time, required for shaping of apex/vertex (and approximately equal to

duration of pulse tN), and recovery time t.. We linearize the

volt-ampere characteristic of tunnel diode in the manner that it is

shown in Fig. 7.27. Then the tunnel diode in section CD' can be

represented as the source of voltage E., which possesses internal

resistor/resistance R,2, shunted by capacitance of C, (Fig. 7.28).

Equivalent oscillator circuit will contain also supply of power E,

inductance L, and resistor/resistance R. Since the process of the

displacement of operating point from B in C is comparatively slow, in

the examination of it it is possible to eliminate the effect of

transition capacitance C..



DOC = 88076723 PAGE

Equation, which is used for determining the pulse duration, i.e.,

transit time of operating point for section CD', in operational form

takes form [142, 143]

(pL+R,)I(p) --- E, ,p

since at moment of time, which corresponds to determination of

operating point in position C, current I,=I,. Here-R, --R+ R A,-

)
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Fig. 7.28. Equivalent schematic of monostable flip-flop for stage of

shaping of pulse apex.
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The solution of this equation takes the form

/ _(p) _u __-_E, I I,

P (P+_L P+--

or in another recording

/2+- l.- E' - ' e- ""+ U, --E,

and voltage on the diode

R; . (i + i~ 1) Re,. -- E,

where T2=L,/R 2 .

Assuming us(,)=U, and solving equation relatively ta, we will have
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tt I -U R,

_,- El E, - Us
R;12 R, ;

Analogously can be determined recovery time of diagram on tunnel

diode. Equation for this interval of time according to the equivalent

diagram, shown in fig. 7.29, will be recorded as follows:

(pL, + R,) I (/) + 1-IpL1.

Here R,=R-Rt, where RA- - resistor/resistance of tunnel diode in

section EA; I, - current, determined by initial conditions.

m n ra -" re a mi nl I IIII i mmm m mm)
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Fig. 7.29. Equivalent schematic of monostable flip-flop for stage of

restoration/reduction.
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Solution of equation takes form

!(P) R. + h R

pL (P+ 7 , P+

After first cycle of oscillations I=I, and expression for

current as function of time will be recorded in the form

where R,

Output potential of diagram

For determining the duration of the restoration/reduction of diagram

let us place i(tB)=U, and mode equation relatively t.:

=D c. In E - IR,E -U, R, R., "
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Fig. 7.30. Shape of pulse at the output of monostable flip-flop.
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Into this formula enters value Ri which is determined according

to characteristic of diode as follows:

then

t, 7=: T, In - IR
E - ,R,"

Shape of pulse at output of monostable flip-flop is shown in Fig.

7.30.

Oscillatory period, which corresponds to maximally possible

frequency of work of flip-flop, will be defined as sum of time, spent

on shaping of apex/vertex, and time, spent on restoration/reduction of

diagram, whence
FV 'a~c -I-5B

.)
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Above was examined case, when full-load saturation curve

intersected left branch of volt-ampere characteristic of tunnel diode.

Is feasible such operating mode, during which the full-load saturation

curve intersects right branch. The direction of the motion of

operating point for this case is shown in Fig. 7.31, and the form of

the obtained voltage - on Fig. 7.32. Trigger pulse must have negative

polarity.

Above has already been indicated that approximation of

volt-ampere characteristic of tunnel diode by line segments cannot be

considered satisfactory on high level of signal, which occurs in

generators. Therefore the conclusions, made on the base of this

approximation, are very approximate; furthermore, they do not give a

correct representation about the form of the generatable oscillations.

. . . ..(mm m mm ( I
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Fig. 7.31. Motion of operating point according to volt-ampere

characteristic of tunnel diode.
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Data of calculation in the machine of the form of oscillations for the

monostable flip-flop taking into account the objective parameter of

tunnel diode are cited in [144]. Two curves, which present the

dependence of voltage on the tunnel diode from the time with the

different values of inductance, are given in Fig. 7.33a and b. As is

evident, the form of these oscillations is distant from that, which is

shown in Fig. 7.30.
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Fig. 7.32. Shape of pulse at the output of monostable flip-flop with

change in position of initial operating point.
doe
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Fig. 7.33. Hr of opust ptetial of monostable flip-flop pon

coanierain oiiof al tfor opvltampere chartersiftne
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7.8. SELF-EXCITED OSCILLATOR ON A TUNNEL DIODE. SOME DIAGRAMS OF

FLIP-FLOPS AND GENERATORS.

(

-,,,o4 L-s;,
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Self-excited oscillator on tunnel diode differs from flip- flops

in terms of fact that full-load saturation curve for it intersects

volt-ampere characteristic in section with negative

slope/transconductance. Thus, resistor/resistance R<R,; however, the

inductance of diagram it is undertaken such value, with which the

state of equilibrium in the diagram is unstable. The equivalent

diagram of self-excited oscillator with the necessary designations is

given in fig. 7.34.

This diagram can be described by system of nonlinear differential

equations:

U a-, -Ft IR,

i = q o t  -t-i , .,), (7.7)
di

u-- I' L --.

Here i,(u,) - equation of the volt-ampere characteristic of tunnel

diode.

Allowing/assuming dog-leg approximation of volt-ampere

characteristic, it is possible to obtain already known earlier than

linear equations, which describe behavior of system into process of

shaping of apex/vertex or in reduction process. The results of

solving these equations, given in S 7.9, can be used also for

determining the period of oscillations and duration of the pulses

formed with self-excited oscillator.
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Fig. 7.34. Equivalent diagram of self-excited oscillator on tunnel

diode.
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Fig. 7.35. Shapes of pulses, generated by diagram on tunnel diode,

depending on position of operating point on volt-ampere characteristic

(upper row) and in dependence .on value of inductance (lower row).

Key: (1). mV. (2). uH. (3). s. (4). H.
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Therefore, without stopping at the analysis of generator with the

linearized characteristic, let us give the results of solving the

system of equations (7.7) in digital computer [144] and it is

expressed them in the form of graphs/curves (Fig. 7.35). In the upper

row the diagrams of voltage on the diode in the dependence on the

characteristic of point on the characteristic of diode, shown in Fig.

7.36 (on the characteristic of the position of operating point they

are designated by the numerals, which correspond to the number of

a)

L
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figure in the upper series/row), are given, whence it follows that the

displacement of the position of operating point over the

characteristic leads to a noticeable change in period and pulse

duration. This fact cannot be discovered by the theory, which is

based of a piecewise-broken approximation of the volt-ampere

characteristic of diode. In the lower row of curves (Fig. 7.35) the

diagrams of voltage on the diode in the dependence on value L are

given. With a decrease in the value of inductance the frequency

rises, and their form approaches sinusoidal.

Results given above show that form of oscillations in generators

on tunnel diodes depends substantially on position of operating point

on characteristic and relationship/ratio of parameters of diode and

external circuit. This fact indicates that to the conclusions, made

on -the base of the piecewise-broken approximation of the

characteristic of diode, it is necessary to relate with the

precaution.

In [145) is described schematic of monostable flip-flop on tunnel

diode from gallium arsenide with germanium diode of

connection/communication. In the diagram (Fig. 7.37) was utilized the

tunnel diode IN3118 and germanium diode ID3-050.

(
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Fig. 7.36. Positions of operating point on volt-ampere characteristic

of tunnel diode.
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Full-load saturation curve (resistance/resistor of the load of 13

ohms) crossed the volt-ampere characteristic of diode at point

somewhat more left than the maximum of current, i.e., diagram worked

approximately in the same mode, as the monostable flip-flop, the

diagrams of voltage for which were given in Fig. 7.33. This diagram

made it possible to form/shape the pulses of the pointed form, which

closely coincides with the calculated form, shown in Fig. 7.33a. The

pulse duration was determined by inductance L. With L=0.33 gH it was

approximately 4 ns, also, with L=0.68 uH - approximately 8 ns. The

authors gave the graph/curve, from which it followed that the pulse

duration in the sufficiently broad band of a change in the inductance

is the linear function of inductance.

Besides diagrams on one tunnel diode are utilized two or more

tunnel diodes. Fig. 7.38 shows two schematics of bistable flip-flops

i.
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- the first with the inductive, and the second and with capacitive

coupling [146]. In the diagram with the inductive coupling supply

voltage is taken by such, that one of the diodes is opened when the

other diode is closed. A difference in the currents of two diodes

passes through inductance. In state of rest the voltage on the

inductance is equal to zero. 'When the input voltage changes over

diode, opening it, the voltage which closes the second (open) diode,

appears on the inductance.

Systems described above were pulse generator circuits with lumped

parameters. Tunnel diodes make it possible to perform generators,

also, with the distributed circuits, since they are coupled well with

the distributed systems, for example with the strip lines,
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Fig. 7.37. Schematic of monostable flip-flop on tunnel diode.

Key: (1). Input. (2). Output.
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Theoretically question about excitation of long line by negative

resistance was examined by A. Witt as early as 1936 [147]. The

method given was used [148) for the analysis of generator with the

tunnel diode. The diagram investigated by it was the section of long

line, at one end/lead of which were connected they will short circuit

the diode and supply of power, and the other is short-circuited.

If the operating point was established/installed in section of

characteristic of tunnel diode with negative slope/transconductance,

then in the diagram oscillations were excited. In the general case

the voltage and current in the generator have very complex stepped

| _ .. . .. . . .. . . . . . ... ... . .)
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form. The simplest forms of oscillations - square pulses of voltage,

were obtained with the low wave impedance; with an increase in the

wave shape drag of oscillations became complicated and with p-- took

the form, which reminds the form of oscillations in the generator with

the lumped parameters.

Oscillatory period in simplest case, when form of oscillations is

rectangular, has minimum value, equal to 4t, (where t, - delay time of

oscillation with passage along line). Are possible also oscillations,

also, with the considerabiy larger period. For practical purposes the

greatest interest they will represent, apparently, the simplest types

of oscillations.

(k
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Fig. 7.38. Pulse generator circuits on two tunnel diodes: a) with

inductive; b) with capacitive coupling.

Key: (1). Input. (2). Output.
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The authors conducted experimental research, which confirmed the

forecast theoretically complicated vibration modes. In the line with

a wave impedance of 75 ohms were obtained the pulses of pointed form

by duration on the foundation of approximately 50 ns and with an

amplitude 0.25-0.3 V.

From point of view of nanosecond pulse technique thesp results

cannot consider good; but authors did not set as their goal to obtain

maximally narrow pulses. In the diagrams the considerably best

results can be obtained, especially if we replace cable with strip

line with the low wave impedance.

Fig. 7.39 gives two practical oscillator circuits of pulses,

which use cable as time-assigning element [141]. Diagrams on the

tunnel diodes, using elements with the lumped parameters, are
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characterized by very low frequency stability. The frequency of the
vibrations of such generators depends very greatly on a change in

supply voltage.

.4
it

Ai

( . . .
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Key: (1). Cable. (2). H.
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In the oscillator circuits, which use long ifnes, the oscillatory

period is determined by time of landing run of'signal along the line

and virtually it does not depend on a change in supply voltage. In

the first diagram tunnel diode, supply of power and short-circuited

cable are connected in series, and secondly - in parallel.

Fig. 7.40 gives oscillograms of output potentials of first

diagram taken for three values of bias voltage: 0.12; 0.18; 0.26 V.

As can be seen from figure, the oscillatory period virtually does not

depend on bias voltage. (In the absence of line oscillator frequency

with this change in supply voltage it is changed approximately two

times). The duration of the pulse edges is approximately 10 ns, but

(~)
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it can be reduced during an improvement in the construction/design of

generator.

7.9. IMPULSE CIRCUITS ON SEMICONDUCTOR SWITCHES.

Semiconductor switches consist of three series-connected p-ns

junction as this shown in Fig. 7.41. Devices/equipment with this

structure possess the specific volt-ampere characteristic, represented

in Fig. 7.42. During the supplying to the diode of positive voltage

to the p-emitter and negative to the n-emitter, in it there begins to

flow the current, as in the usual diode.

(
p.

I



DOC = 88076723 PAGE "24

Fig. 7.40. Oscillograms of output potential of generator at different

values of bias voltage.
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Differential resistor/resistance of diode with this is very great

and composes hundreds of megohms. The current grows with an increase

in the voltage and at the voltage Unep there occurs breakdown

After breakdown the voltage on the diode falls, and the current rises.

The section with the negative differential resistance appears on the

characteristic. When current reaches value Inca, on the diode

operates voltage UOCT. During the supplying to the changing over diode

of voltage u>u'p the instrument is changed over into the conducting

state. -The input resistance of the open diode is 0.5-1 ohms.

Data of some samples of semiconductor switches [149] let us give

in Table 7.4.

)
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Fig. 7.41 circuit diagram of four-layer diode into external circuit.

I

Fig. 7.42. Volt-ampere characteristic of four-layer diode.
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Simplest example of diagram on changing over diode is generator

of powerful current pulses Fig. 7.43a. Supply voltage E must be more

than the voltage of switching diode. Resistance R must be such so

that the current limited to it would not exceed the value of the
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current of disconnection. With the closed changing over diode
capacitor/condenser C is charged through resistances R and Ro,
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Table 7.4.

0 flpa4ep~aAio.uB 2NVUD-2NIWD WXBWJWrlaamerw 10-we SI) Ge)

Ha'anpn~Keiue flepeK.IO'e- L-N)-)( 0  s' 2-59

WJFO'K llepeKJinlO'l 0-0 2 joi 1-1014
WJoe aTO61110C itanfpsmen(CII 0,9 AM) 0, 5-1 doj)~~Iau~abI~ATOK 50 ma ~ 50maCn9

Key: (1). Parameters of diodes. (2). Voltage of switching. (3).

in. (4). Current of switching. (5). mA. (6). Residual voltage.

(7). Rated current.

+1-
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When potential at point A reaches the value, which corresponds to the

voltage of switching, the changing over diode is opened. The capacitor

is discharged on the resistance/resistor of load R., and the changing
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over diode. In this case the current in the load virtually is

determined by value Rn. Capacitor discharge continues until the current

through the changing over diode drops to value lim,,, At this point the

changing over diode returns to the initial state, and cycle is

repeated. The diagrams of voltages and currents in the diagram are

given on Fig. 7.43b. A similar oscillator circuit makes it possible

to obtain with the low resistance/resistors of load (to 100 ohms)

current pulses with an amplitude to several amperes with the duration

of front of less than 10 ns.

Fig. 7.44 shows schematic of monostable flip-flop with high input

resistance. High input resistance is provided by the start of usual

diode, as shown in Fig. 7.44. Starting/launching is conducted by

pulses of reversed polarity. Fig. 7.45 gives the schematic of

bistable flip-flop on two changing over diodes. The circuit

parameters are selected so that

->Ima,, l K 'DMHJI, Uei,> E> E1.

Let us assume that in initial state changing over diode DP, was

in conducting state. During the supplying to the input of the diagram

of negative pulse occurs the triggering/opening of the changing over

diode DP,. Capacitor C begins to be recharged. During the arrival of

the following negative pulse DP, remains in the conducting state, and

DP, is cut off. Switch time and off time are the important parameters

of the changing over diode (Fig. 7.46).



DOC - 88076723 PAGE

+1

c

Fig. 7.44. Diagram of monostable flip-flop on four- layer diode.

Key: (1). :rnput.

" i
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Fig. 7.45. Diagram of bistable flip-flop on four-layer diode.

Key: (1). Input. (2). Output.

(,)
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Fig. 7.46. Time characteristics of four-layer diode.

Key: (1). Delay. (2). Front.

Page 418.
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This figure gives the oscillogram of a change in the pulse. The time

of switching on consists of the delay time and time of front.

According to data [1491 time of switching on of 200 ns. For the

germanium diodes this value composes only of 10 ns, which makes with

their interesting for the application in the nanosecond pulse

technique. Their high stability to the overloadings with respect to

the current is a valuable property of the changing over diodes.
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CHAPTER EIGHT.

OTHER METHODS OF IMPULSE SHAPING.

8.1. Impulse shaping in circuits with nonlinear inductance.

In pulse technique recently ever wider application find methods

of impulse shaping with nonlinear inductances, which make it possible

to obtain "tubeless" oscillator circuits [l].

In forming circuits with nonlinear inductance are utilized

properties of nonlinear dependence B-B(H) of ferromagnetic materials

(Fig. 8.1). Inductance coils with the ferromagnetic cores in these

circuits either are the commutating element during the discharge of

the accumulator/storage of energy or the functions of the fundamental

forming element are fulfilled.

)
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Fig. 8.1. Fig. 8.2.

Fig. 8.1. Hysteresis loop of material of core.

Fig. 8.2. Pulse-shaping circuit with nonlinear inductance.
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Fig. 8.2 gives pulse-shaping circuit with nonlinear inductance,
A

which performs role of commutating element. If the core of inductance

coi-l L is made from ferromagnetic square-loop material of hysteresis,

i.e., if B,1B, is close to unity, then in the process of changing the

current strength in the coil its inductive reactance will sharply

change from the very low value (when u-1) to very large (when g great)

and vice versa. Consequently, this inductance coil can be a good

commutating element. In the diagram in Fig. 8.2 reservoir capacitor C

is charged through choke/throttle L, from the source of alternating

voltage 0. With the aid of the constant magnetic biasing the core of

coil L in initial state is in the mode, which corresponds to point b

in Fig. 8.1.

Current iL, which increases strength of field H in core of this
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coil, flows/occurs during a charge of capacitor C in coil L.

Therefore grows/rises magnetic permeability of core m and,

consequently, also value of inductance L. If condition L>> is

satisfied, then current iL is small and capacitor/condenser C

virtually is charged only through coil L,. It is possible to fit the

parameters of circuit so that the process of charge of capacitor will

occur in the oscillatory mode in the presence of the resonance of

circuit with a frequency of f of external power supply. Voltage

across capacitor in this case changes according to the law

u=- UQ (I - c")cos 2r/,

where U - amplitude of the source of alternating voltage;

- energy factor of charging circuit;

a - attenuation factor.

Examining only one oscillatory period, it is possible with

sufficiently high energy factor of duct/contour to record

u - UQat cos 27t.

For half of oscillatory period voltage across capacitor attains

maximum valueumaxc = .U/2. and current toward the end of half-period

becomes equal to zero.
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With a change in direction of flow the capacitor/condenser begins to

be discharged, and then to be recharged and to the termination of the

. --m~m, m m mm m~mmmmmmm m (m m mm
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oscillatory period the voltage on it attains the maximum value (in the

absolute value), equal to rU. The commutation of circuit must be

realized at this moment and capacitor discharge will begin. When

capacitor C was charged, current iL through the commutating coil first

increased, reaching maximum to half of the period of oscillations T/2.

To the strength of maximum current iai must correspond the

intensity/strength of magnetic field H. (fig. 8.1). Then for second

half-period of current variations il. decreasing up to moment/torque

t=T, will have small negative value, with which will be created in

core field strength, which corresponds to intensity/strength at point

b in curve B(H) (fig. 8.1). In this case sharply falls value of

magnetic permeability g and, therefore, inductance L, i.e., commutator

operates/wears. From this point on, there begins the capacitor

discharge through the effective resistance of load Ru, on which is

formed/shaped the output pulse. The pulse duration is approximately

equal to

1,O: 0,7RaC.

For obtaining pulse of nanosecond duration time constant of

discharge circuit must be small. Furthermore, with the formation of

nanosecond pulse the time of commutation must compose a total of

several nanoseconds. This is determined by the properties of the

material of the core of coil L, i.e., by the form of its hysteresis

loop in lower curvature.

In this diagram is formed/shaped pulse, on form which differs
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from rectangular. During the replacement of capacitor/condenser on

the forming line it is possible to form/shape the pulses, close to the

rectangular. Pulse repetition rate can be considerable, but porosity

is virtually not more than hundred.

Fig. 8.3 give diagram of formation of nanosecond pulses with coil

of nonlinear inductance as commutating element, differing somewhat

from preceding/previous [150]. Here the core of coil is prepared also

from the ferromagnetic material, characterized by the hysteresis loop,

represented in Fig. 8.1.
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Sine voltage or trigger pulses with sufficiently steep front can

be used as a source of starting voltage. Capacitance value C, and

inductance L, is selected from the condition of obtaining the

resonance of circuit with the frequency of external source. With an

increase in current i,. taking place through coil L, grows/rises the

intensity/strength of magnetic field in the core of this coil. With

an increase in field H the core proves to be in the mode, which

corresponds to section bc (Fig. 8.1) hysteresis loop. In this case

sharply grows/rises the inductance of coil L and voltage on it

u=Ldi.dd, voltage on circuit CR,,. When field H reaches the value of

the saturation of core, further increase in the current does not lead

to an increase in the voltage on coil L, but on the contrary, due to

the sharp decrease of value L it falls. From this point on, the

commutator closes discharge circuit and begins the discharge of the
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small capacitance of C through the load resistance/resistor and the

low value of inductance L,,. The shape of the obtained pulse

corresponds to the picture of the discharge of the capacitance through

inductance L,1,, and resistor/resistance R,. It is desirable so that

the value R1 would be close to the critical resistor/resistance of

circuit.

Approximate computations of this circuit make it possible to find

dependences for evaluation/estimate of pulse duration in different

parameters of circuit (Fig. 8.4) [150]. Voltage/stress on load , is

determined by the expression

=- 2 e-tl2krc sin 4k--1 t
u = -- U 4k _ I2k .RC,

where kL,, 111 1/R'C; U( _ voltage across capacitor.



DOC= 88076724 PAGE

C,

Fig. 8.3. Pulse-shaping circuit with commutating nonlinear

inductance.

tid

RC

4

2
1, 1.5 ' 2 5A. SR2r

Fig. 8.4. Dependence of pulse duration from parameters of circuit.
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For obtaining the pulse of larger slope/transconductance, it is

expedient to take value k by equal to one, then, after assigning

duration of pulse ",, it is possible to find constant value of time
R,,C

If hysteresis loop noticeably differs from rectangular, then to a

different value of saturation current iLi,,m will correspond different

value mi,, and, consequently, to a certain degree will change duration

of formed/shaped pulse with constant value R,,C.

With impulse shaping of nanosecond duration in this circuit it is

2)
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desirable to realize starting/launching of diagram by steep-sided

pulse and small duration, for example, obtained from blocking

oscillator. Depending on the parameters of circuit and properties of

ferromagnetic core the duration of the formed/shaped pulse can be from

several ten nanoseconds (or more) to several nanoseconds. The impulse

shaping of smaller duration requires the application of the

distributed systems, which remove the parasitic circuit parameters,

and also the use of considerable circuital currents.

For the normal operation of diagram examined its elements must

satisfy following requirements:

a) trigger generator must have high resistor/resistance;

b) starting velocity must be considerable;

c) capacitor/condenser C must have small capacitance in order to

have time to be loaded to considerable voltage, but simultaneously

sufficiently large so as to ensure necessary power during its

discharge, when pulse is formed/shaped.

In similar diagrams as cores of commutating inductance coils can

be utilized ferrites with right-angle hysteresis loop, whose data are

cited in Table 4.1.

Besides functions of commutating element nonlinear inductance can

perform role of forming element. In this case the properties of the

material of the ferromagnetic core of coil determine not only

triggering time of device/equipment, but also shape of pulse.
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Fig. 8.5 gives the diagram of the formation of the nanosecond pulses

of high voltage with the spark discharger as commutator [151).

Capacitor C is charged through resistor/resistance of R from dc

power supply E. The breakdown occurs after the admission of trigger

pulse to the radial deflection terminal of spark discharger P and

capacitor/condenser is closed to the discharge circuit. In the lower

position of switches the capacitor/condenser proves to be locked

directly to the ferrite element. The conductor of the considerable

section (with diameter to 20 mm) with a length of about 40 mm with the

ferrite rings put on to it is ferrite element. During the capacitor

discharge through the conductor of ferrite element is passed current

as value on the order of 100 a., which creates the magnetic field,

which saturates ferrite, and its permeability u proves to be close to

one. However, magnetic permeability of ferrite is great with the low

values of current in the process of its build-up/growth and is great

the inductance of ferrite element. Therefore, on the inductance the

voltage pulse by value

di

where L. - inductance of ferrite element with the saturated ferrite,

appears.

Depending on type of ferrite time of its switching with assigned

impulse steepness of current is different.

_)
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Fig. 8.5. Pulse-shaping circuit with ferrite element and spark

discharger.

Key: (1). Unit of starting.
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Therefore the duration of the formed/shaped pulse with the different

ferrites proves to be different. For removal/taking and recording the

voltage pulse in parallel to ferrite element is switched on the ohmic

divider R2 .

If into the discharge circuit supplementary inductance L is
introduced besides ferrite element, then is obtained series of bipolar

pulses with decreasing amplitude, following with natural vibration

frequency discharge circuit of capacitor/condenser. Capacitance value

C exerts a small effect on the duration and the pulse amplitude, but,

changing it, it is possible to regulate the pulse repetition rate and

their number in the series. Introduction to the discharge circuit of

the supplementary resistor/resistance R makes it possible to obtain

single pulses.
thi(ubri h eis nrduto otedshrecruto
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Change in supply voltage leads to change in amplitude of pulses

and their duration. With an increase in the voltage the pulse

amplitude increases, and their duration decreases, since ferrite

reverses magnetism more rapidly.

For impulse shaping with duration of order of one nanosecond

similar diagram must be free from parasitic parameters of circuit,

which requires its appropriate design.

In d:agram with spark discharger it is impossible to obtain

periodically following pulses of sufficient stability. With its aid

single pulses or burst of pulses can be obtained.

Fig. 8.6 gives pulse-shaping circuit of high voltage with

thyratron as commutating element and nonlinear inductance. This

diagram can form/shape the periodically following pulses of large

power (152].
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Fig. 8.6. Pulse-shaping circuit with nonlinear inductance and

thyratron.
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The capacitor/condenser of small amount of capacitance C (about 100

pF) in the initial state is charged/loaded through resistor/resistance

Re from the dc power supply E. The thyratron is triggered after the

admission of trigger pulse and capacitor/condenser C is discharged

through the coil of the nonlinear inductance, the thyratron and

resistor/resistance Ric.

Coil of nonlinear inductance is winding, plotted/applied to

toroidal core from ferromagnetic material (supermalloy). On the same

core is arranged/located the second - output winding, connected with

the resistance/resistor of load R.

Current, which creates in core magnetic field, which rapidly

leads it to saturation, flows during capacitor discharge through

powerful thyratron over coil of nonlinear inductance. For rise time

of current in the coil and magnetic field in the core magnetic
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permeability of the latter varies from the value, close to one, to

high value and then upon the saturation of core it falls to the value,

close to one. The inductance of output coil for this time also varies

from low value to large and again takes low value upon the saturation

of core.

As a result of this on output winding pulse of approximately

triangular form is formed/shaped. The pulse duration depends on the

rate of the magnetic reversal of core, which in turn depends on rate

of change in magnetic field dH/dt. Depending on the ionization time

of thyratron, on the strength of its current and value of the

parasitic parameters of discharge circuit rate of change in the

current and, consequently, also magnetic fields will be different.

Use of a powerful thyratron makes it possible to obtain pulses at

output of diagram by duration about 5 ns with amplitude of 10 kV.

Accurate fulfillment of mounting (for eliminating parasitic

circuit parameters), selection of core and thyratron make it possible

to form/shape in-this diagram pulses of high voltage with duration of

front of less than nanosecond.

If in diagrams with linear forming lines and by thyratron does

not succeed in obtaining pulse edge of less than ionization time of

thyratron, then in this diagram pulse edge due to nonlinear inductance

can be less than ionization time of thyratron almost to whole order.

-- - -- m m I ........... ,,, -- . . .
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Calculation of such diagrams is complex, since it must consider

series/row of nonlinear dependences (nonlinear inductance, nonlinear

resistance of thyratron), and also process of magnetic reversal of

core. However, the selection of the optimum mode of operation of

diagram does not cause experimentally special difficulties.

Pulse repetition rate in this diagram is determined by thyratron.

The stability of the sequence of pulses is determined also by

thyratron and to a certain extent can depend on the core of nonlinear

coil.

8.2. Electronic methods of impulse shaping.

For the formation of nanosecond pulses with very high repetition

frequency, measured by hundred megahertz, electronic methods are used.

These methods consist in the fact that from the continuous electron

stream in the special vacuum devices/equipment form/shape the

"packets" of electrons, the being short-term current pulses. Current

pulses, flowing through the load connected to the

collector/receptacle, isolate on it the voltage pulses.

There are several methods of formation of short-term bundles of

electrons; so-called klystron method is most known of them. The

high-frequency oscillations of the sinusoidal form, created by special

generator, are supplied to the modulator of vacuum-tube instrument.



DOC - 88076724 PAGE

Electron stream, passing through the modulator, periodically is braked

or is accelerated by the field of high-frequency oscillator, are

formed electronic clusters. These clusters are recovered by

collector/receptacle and create on termination of instrument the

voltage pulses.

A pulse generator of klystron type (it would be it is more

accurately speak about klystron type shaper) differs from klystron

oscillator in terms of shf by the absence of feedback, and also in

terms of fact that instead of output resonator aperiodic system serves

as its load (cable). From the description of the operating principle

of instrument it is evident that the pulse repetition frequency is

determined by the frequency of the sinusoidal vibrations, supplied to

the modulator, and can be obtained by very high.
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Thereby there is obtained the short duration of the formed/shaped

pulses, which composes part of the oscillatory period. However, as

far as the amplitude of formed/shaped pulses is concerned, it depends

on the current strength in the ray/beam of vacuum-tube instrument.

One of klystron type oscillators is schematically depicted in

Fig. 8.7 (153]. Sine voltage with a frequency of 210 MHz is supplied

from high-frequency oscillator 1 of resonator 2. This resonator is

connected to two grids of electric vacuum tube 3 and creates a

potential difference 400 V between them. Electron beam, passing
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through the field between the grids, is modulated on the rate. In

drift space (length of which is equal to 400 mm) occurs electron

bunching on the density. The formed electronic clusters are recovered

by the collector/receptacle, which is the continuation of the internal

core of a 70-ohm cable 4. The external conductor of cable terminates

by grid, which is located before the collector/receptacle. The

described diagram made it possible to obtain pulses by the duration of

0.2 ns. The pulse amplitude, measured by indirect methods, comprised

the portions of volt.

Another sample of pulse generator of klystron type was described

into [154]. Its construction/design took approximately the same form,

as represented in Fig. 8.7. To the resonator was fed/conducted the

voltage from the oscillator with an shf frequency of 100 MHz. The

voltage between the resonator grids was 3000 V; power of approximately

150 W was fed for maintaining this voltage to the resonator. For the

heat removal from the collector/receptacle the forced cooling was

used.

(Z
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Fig. 8.7. Klystron type electronic shaper.
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The 50-ohm cable serves as a load of oscillator. As experimental

investigations showed, in this device/equipment is possible the

impulse shaping with the duration of 0.3 ns (at the level of half

amplitude). The time of the establishment of pulses (on level

0.1-0.9) was 0.1 ns. The pulse amplitude at the output was equal to

15 V, which considerably exceeds the amplitude of pulses, obtained in

the preceding/previous oscillator.

For the formation of very narrow pulses tubes with transverse

beam deflection can be utilized besides klystron type oscillators.

The principle of the work of this oscillator consists of the

following. The electron beam is passed between the deflector plates,

to which is fed/conducted the voltage from the oscillator of shf (Fig.

8.8). Under the action of this voltage the electron beam completes

oscillations, passing twice during the period of high-frequency

oscillation along electrode 3. On the electrode there is a special
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slot through which they pass the electrons, recovered then by

collector/receptacle 1, as which the internal conductor of coaxial

cable can serve.

Duration of pulses, generated by tube with transverse beam

deflection, can be calculated by formula

R
arc sin -"U -

where E - deflecting voltage, necessary for change-over of ray/beam;

U - amplitude of radio frequency voltage;

f - its frequency.
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Fig. 8.8. Electronic shaper with beam deflection: 1 -

collector/receptacle; 2 - deflector plates; 3 - diaphragm; 4 - control

electrode; 5 - cathode.
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In particular, for sample of tube, in which E=40 V with U=500 in

and f=10 MHz, pulse duration is obtained equal to 1 ns. Oscillators

of such type make it possible to comparatively easily obtain pulses by

the duration of the units of nanoseconds. A small amplitude of output

pulses, which moreover, decreases in proportion to the decrease of the

pulse duration, is its deficiency. One of the samples of oscillator

on a 100-ohm load made it possible to obtain pulses with an amplitude

0.3-0.5 V for the duration of pulse 1 ns.

8.3. Impulse shaping by limitation and differeitiation.

Method of obtaining pulses of short duration by consecutive
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limitation and differentiation widely is used in pulse technique of

microsecond range; the same method can find to itself and limited

application in nanosecond pulse technique.

Let us examine first question about pulse clipping of nanosecond

duration. Since pulse clipping on the maximum presents the greatest

difficulty, let us pause in essence on this problem. The

electron-tube diodes of usual types in the majority of the cases are

unsuitable for limiting the nanosecond pulses, since they possess a

comparatively high internal resistor/resistance and large stray

capacitance. Therefore for pulse clipping in the nanosecond

technology are utilized either the semiconductor diodes or the

three-electrode and multielectrode tubes, which possess the large

ratio of current I, to stray capacitance C,.

L. V. Gorachev [155] conducted research on the schemes of

consecutive diode limiter on semiconductor diodes of type DGTs.

Limiter circuit is given in Fig. 8.9. Pulses enter the limiter on the

cable, loaded to the effective resistance, equal to wave. At the

initial moment the diode conducts current, since the voltage of

positive polarity from source E is applied to it. Limitation level is

determined by the value of the voltage of source E. Resistance

plays an important role in this diagram Ra.
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This resistance, which is the load resistance/resistor, is the
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resistor/resistance of the limitation of the current, which flows

through the diode, at the same time. It cannot be less than the value

of the ratio of the voltage of limitation E to the maximum permissible

current through the diode. However, as far as the capacitance C. is

concerned, it is the parasitic input capacitance of the subsequent

cascade/stage of diagram.

Equivalent limiter circuit in general case takes form, shown in

Fig. 8.10a, where RA and CA indicate respectively internal

resistor/resistance and transfer capacitance of diode. Before the

arrival of pulse the diode is opened, and since Ra>RI?+p and(2oC0L,

then equivalent diagram takes the form, depicted in Fig. 8.10b. The

voltage

El,_,E  P+ R I
P+ RA+ R.'

is established in the absence of. pulse at the output of diagram,

When to the input of diagram pulse there comes a pulse of

rectanguiar shape, the diode will cease to conduct current, then

equivalent diagram will take form, shown in Fig. 8.10c.

)
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Fig. 8.9. Diagram of consecutive limiter on semiconductor diode.

C4

Fig. 8.10. Equivalent limiter circuits.
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will appear at the initial moment of time at the output of diagram

since C0>C . Under the ideal conditions during pulse advancing at the

output of limiter must operate the voltage of limitation E. Actually,

so that this voltage would be established/installed, for a while,

determined by product RaCo is required.Output potential of limiter

will increase according to the law

since Co C;,. Under the ideal conditi uigpleavniga h
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and the time of its establishment will comprise 2,2CR,.

It is not difficult to conduct timing of establishment of pulses

at output of limiter. After taking, for example, E=20 in and after

selecting diode DG-Ts7, let us accept the maximum current through the

diode 15 mA, which will determine the value of the resistance/resistor

of load Ra= i340 ohms. Assuming/setting input capacitance C,=15 pF,

we obtain the time of establishment 44 ns. including four diodes in

parallel to each other, we increase the current-carrying capacity in

the circuit and obtain ty=I1 ns.

Considerably best results gives application of junction diodes of

type DG-Ts23, DG-Ts24, DG-Ts26. Although the diodes of these types

possess considerable capacitance; however, the negligibly low

resistor/resistance in the straight/direct passage of current is their

advantage. As the experiment shows, the limiter on the junction diode

virtually does not worsen/impair the pulse edge, but only increases

decay in its flat/plane part.
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Fig. 8.11. Shape of pulses at the input (a) and output (b) of the

limiter.
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Fig. 8.11a shows the input pulse with a duration of 45 ns on half of

the amplitude, with a duration of the front of 5 ns and amplitudes of

110 V. Fig. 8.11b gives the oscillogram of output pulse on different

levels of limitation. As can be seen from oscillogram, the pulse edge

virtually is not distorted.

Considerably wider application for limitation find vacuum-tube

circuits, carried out on triodes, pentodes and tubes with secondary

emission. The suitability of tubes for pulse clipping of nanosecond

duration naturally escapes/ensues from their suitability for pulsing.

A limiter-amplifier is formed from the relaxation oscillator during

interrupting of feedback loop.

Amplifier-limiters of larger partly are used in output stages of

pulse generators, in which application of feedback is frequently

inexpediently due to presence of effective time lag. In the

oscillator of nanosecond pulses, described into [102], the output

--( mmm mm mm••m mmm m
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stage was limiter on the tube with the secondary emission; its diagram

was given earlier in Fig. 6.16. N. Ye. Butorin [3] conducted

research of the amplifier-limiter with the transformer; the diagram of

this limiter was given in Fig. 8.12. During the use of a tube 6N15P

(both triodes they are connected in parallel) to its grid was supplied

the pulse of bell-shaped form with the duration of 45 ns at level 0.1

and with an amplitude of 120 V. Pulse t,,=3o ns with the same

amplitude, but with the plane vertex with a duration of 10 ns was

created at the output. During the use of a tube 6S3P in the same

diagram was supplied pulse t,=20 ns with an amplitude of 110 V.
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Fig. 8.12. Diagram of amplifier-limiter.

Key: (1). V.
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At the output of the diagram there was obtained the pulse of the same

duration, but with an amplitude of 90 V. The pulse edge was 4-6 ns.

The pulse of the same duration and amplitude was obtained during the

supplying to this diagram of pulse t.=8 ns with an amplitude of 80 V

at the output, but it had a plane vertex with a duration of 4 ns.

During the supplying to the diagram of flat-topped pulses, it

shortened front and shear/section of pulses.

Amplifier-limiters can effectively be utilized for obtaining

pulses of short duration with high repetition frequency from sine

voltage. Sinusoidal oscillation consecutively/serially several times

is limited and is shortened for this (it is differentiated). Pulse

( generator of similar type is described into [156]. This oscillator

V

Ij
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made it possible to obtain the pulses of nanosecond duration with the

repetition frequency several megahertz and an amplitude of hundreds of

volts. In the output stages of similar oscillators one should utilize

tubes 6P9, 6P13S, GU-29. In more detail about the schematic of this

oscillator it will be said below in connection with a question about

pulse shortening.

Interesting diagram with nonlinear amplifiers, which makes it

possible to obtain pulses with very steep fronts, was described into

[157]. The schematic diagram of the basic building block of

oscillator is given on Fig. 8.13 and 8.14 they are given the diagrams

of voltages/stresses, which-elucidate the operating principle of

diagram. To the input of transformer and amplifier is supplied a

negative drop in the voltage with a relatively steep section (Fig.

8.14a and b).
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Fig. 8.13. Schematic diagram of nonlinear shaper.
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The positive drop in the voltage (d), which has the large duration of

front due to the integrating action of the network RC, is obtained at

the output of amplifier. At th, e output of transformer a drop/jump in

the voltage is converted into the pulse of exponential form (c) (as a

result of the smallness of the primary inductance of transformer).

This pulse enters the input of tube L,, whereas a positive drop in the

voltage enters the input of tube L,; both these tubes are connected in

series. As a result on the plate load a positive drop in the voltage

with the steep front is obtained (e).

Experimental sample of oscillator was assembled on tubes EL 34

(L,) and PL 81 (L,, L,). Transformer contained 4 turns each in the

primary and secondary windings.
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Fig. 8.14. Diagrams of voltages on elements of the shaper.
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The core was a ferrite ring with a diameter of 23 mm and m.=1300. The

diagram made it possible to form/shape drops in the voltage with the

very steep fronts; it would have been possible to obtain pulses with

the duration in the foundation 3 ns and with an amplitude of 50 V by

the subsequent.

Let us pause now at question of shortening of pulse duration.

Simplest shortening circuit is capacitive differentiating

circuit, depicted in Fig. 8.15 and which consists of a capacitor of

small amount of capacitance C and resistor/resistance R. During the

supplying to its input of ideal square pulse with drop/jump E at the

output of the circuits are obtained two exponential pulses, whose

spread/scope is also equal to E, and the duration, measured at level

5%, comprises 3RC (Fig. 8.16).

For obtaining pulses of short duration it is necessary to take

low parameters of differentiating circuit. Thus, for obtaining the

pulse with a duration of 6 ns it is necessary to take time constants,

equal to 2 ns; this it is possible to obtain with C=40 pF and R=50

ohm. Such values of the parameters are virtually completely

acceptable; however, in this case for obtaining the pulses of a

sufficient value the output tube, which works to the differentiating

circuit, must provide the high strength of output current.

(%
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Under actual conditions obtaining very narrow pulses is

complicated by two facts: with final rate of build-up/growth of input

signal and by presence of parasitic parameters in diagram of

differentiating circuit.
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Fig. 8.15. Fig. 8.16.

Fig. 8.15. Capacitive differentiating circuit.

Fig. 8.16. Pulses at the output of the differentiating circuit.
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Assuming that the input voltage increases exponentially

t

where E - conservative value of input signal, and n - the value which

characterizes the slope of growth of the signal, it is possible to

find the waveform at the output from known transient response of

differentiating circuit. This characteristic takes the form

A(I)=e -
,

where r=RC. With the aid of the superposition integral it is easy to

determine the output signal, which is expressed equation [2]

Waveform at output of differentiating circuit differs from

exponential pulse, examined earlier, by fact that it has final
(I%
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duration of front and smaller amplitude.

Duration of front of output pulse, if we define it on time of

reaching/achievement of maximum, will be expressed as

%] In ,

and amplitude of pulse

Ubb-- Eq-

It follows from given formulas that for obtaining narrow pulses

with sufficiently large amplitude it is necessary to supply on input

of differentiating circuit pulses, equivalent time constant of which

several times of less than time constant of differentiating circuit.

Besides the effect of final rate of build- up/growth of input

signal on shape of pulses at output of differentiating circuit,

essential effect have parasitic circuit parameters. The complete

equivalent diagram of the differentiating circuit taking into account

the parasitic parameters is given in Fig. 8.17.

Page 438.

On this figure E - the source of input voltage; R0 - its output

resistance, C., - the input capacitance of source; C., - capacitance

of load (for example, the input capacitance of the following tube); C

and R - parameters of the differentiating circuit.
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Transient processes in differentiating circuit taking into

account parasitic parameters were investigated by L. A. Meyerovich

[2], who obtained expression for transient response of this circuit:

't
A (t) = --- eM

where

In expressions 7, and r, written above - time constants, which

can be determined according to approximation formulas,

S R,C, R. C

R C,'

IsrRC' + .+ -__¢2,

where

C? Cac--- c-- *,

~=~± C.'CC, =. C", C

An error in these formulas is less than 10% in such a case, when any

of the ratios R./R or C2/C' will be less than 0.5.

(lul l
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Fig. 8.17. Equivalent diagram of differentiating circuit.

Fig. 8.18. Transient responses of real differentiating circuit.
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Form of transient response of differentiating circuit taking into

account parasitic parameters is given in Fig. 8.18 at three values of

relation 72/r, [2]. The maximum value of pulse at the output of the

differentiating circuit can be determined according to the

approximation formula

Usfix  .EZma,.
Ro C,'+-+

where value , is depicted graphically in Fig. 8.19.

Inductive differentiating circuit is another form of shortening

circuit. During the supplying into this circuit of ideal square pulse

not its output are obtained the same pulses, as at the output of the
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capacitive differentiating circuit. However, upon consideration of

the parasitic parameters the inductive differentiating circuit

possesses a number of special features.

In practical diagrams, one of which is given in fig. 8.20, the

inductance of the differentiating circuit together with stray

capacitance forms oscillatory circuit. For obtaining the narrow

pulses, the critical behavior of the work of the circuit is frequently

utilized.
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Fig. 8.19. Fig. 8.20.

Fig. 8.19. Dependence if coefficient zI..... on ratio Ta/Ti.

Fig. 8.20. Diagram of inductive differentiating circuit.
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In this case edge voltage changes according to the law

SU(t)= Ie-m"-

where I - value of current taper in the circuit equal to the

short-circuit current of tube;

C. - stray capacitance;

a= - (R- impedance of ohmic losses in the duct/contour).

Form of edge stress is shown in Fig. 8.21. Maximum output

potential of circuit with

acquires importance
U~a,,c 0,741J/ ..
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Inductive differentiating circuit has series/row of advantages in

comparison with capacitive. It makes it possible to obtain the pulses

of the sufficiently large amplitude, even which exceeds the value of

supply voltage.

The inductive differentiating circuit was theoretically

investigated in [156], where differentiation of current taper with

final duration of front is examined.
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Fig. 8.21. Fig. 8.22.

Fig. 8.21 form of edge stress.

Fig. 8.22. Diagram of inductive differentiating circuit with diode.
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It is recommended here to utilize the oscillatory mode of the circuit;

the optimum value of the energy factor of duct/contour Q=4, and the

optimum value of the ratio of a drop/jump in the natural oscillations

T. to the duration of the front of current taper t0=2.7. In this case

edge stress

T 1 .T

where I0 - value of current taper;

C - capacitance of the circuit.

For suppression of oscillations after first overshoot

differentiating circuit can be 
shunted by diode, since it is shown 

in

Fig. 8.22. As the differentiating transformer 
it is possible to

utilize ouncer transformer on the 
ferrite ring (diameter of ring 15-30

opiu au ftertoo rpjm ntentrloclain

Tt h uaino h rn fcrettprt=..I hscs
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mm; the number of turns 10-20 depending on the pulse duration). One

of the diagrams of amplifier-limiter with the differentiating

transformer is given in Fig. 8.23. Resistor/resistance R serves for

guaranteeing the required (small) energy factor of duct/contour.

8.4. GENERATION OF RADIO PULSES OF LOW POWER.

Generation of radio pulses of nanosecond duration in the range of

superhigh frequencies can be carried out, when period of carrying

oscillations comprises portions of nanosecond.
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Fig. 8.23. Schematic diagram of a limiter-amplifier with a

differentiating transformer.
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Therefore as oscillators of the carrier frequency are utilized

klystrons, travelling-wave tubes, magnetjons. Magnetrons are utilized

usually during the generation of powerful/thick nanosecond radio

pulses.

Radio pulser of nanosecond duration of small power initially

found use because of need for study of plumbing. For the generation

of such pulses, klystrons and LBV were utilized [158-161].

In particular, [158, 159] is proposed and experimentally

investigated diagram, which works according to following principle.

From klystron oscillator of the carrier frequency they come the input

of amplifier on LBV. The amplification of signal occurs only at the

moments of acting of front and shear/section of the voltage pulse,

supplied to the spiral LBV from the pulse generator. This is caused )
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by the fact that the amplitude of pulse, supplied to the spiral,

corresponds to the interval of accelerating voltage, in limits of

which LBV can amplify. Thus, the duration of output radio pulse

depends on the jump steepness in the voltage of the nanosecond

modulating video pulse. However, with this method of generation

noticeable frequency modulation occurs.

Another method of generation of radio pulses with the aid of LBV

is based on sufficiently effective and reliable method of modulation

on focusing electrode of LBV [160]. Fig. 8.24 gives the dependence of

power output of LBV on the voltage on focusing electrode U',. and is

also shown nanosecond video pulse and selection of its value relative

to the value of voltage U+ Travelling-wave tube here works in the

mode of the amplification of the oscillations of the carrier

frequency.
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Fig. 8.24. Dependence of power output of LBV on voltage on focusing

electrode.

Key: (1). mW. (2). ns.
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A large part of the time of LBV is closed due to the negative

bias/displacement on the focusing electrode and is triggered after the

admission to the modulator of the video pulse of positive polarity.

The duration of the generatable radio pulse is determined by the

duration of the upper part of the video pulse (Fig. 8.24).

Fundamental oscillator circuit is given in Fig. 8.25. Modulator

consists of the input stage of starting (half of L.), three blocking

oscillators (half of L, and L,, L3 ), which form the video pulse via

its consecutive peaking, and the output stage in the form of amplifier

with the transformer output L,. Video pulse has a duration of 10-15

ns (on the foundation) and an amplitude to 200 V. The oscillations of

the carrier frequency from klystron oscillator L, come on LBV of
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special design [160]. Under the influence of the modulating pulse on

the focusing electrode of the LBV the radio pulse generates by the

duration of 6 ns (at level 0.5 of amplitude) and by the power of 600

mW.

There is possibility of direct obtaining of nanosecond radio

pulses with the aid of LBV and modulator [162]. In this case the need

for separate oscillator of the carrier frequency is eliminated.

Travelling-wave tube with the self-feedback can oscillate of different

types (the discrete spectrum of frequencies). To each type of

oscillations corresponds the interval of accelerating voltage, in

which this type of oscillations is excited. However, a change in

accelerating voltage within the limits of this interval very weakly

affects the frequency of the corresponding type of oscillations.

Since the interval of the values of accelerating voltage, in limits of

which the LBV generates the specific type of oscillations, depends on

the strength of the magnetic field of focusing, then, selecting the

appropriate intensity/strength of magnetic field, it is possible to

establish/install the necessary width of the interval of accelerating

voltage.

Fig. 8.26a gives graphs/curves, which elucidate possibility of

using dependence of wavelength of oscillations on accelerating voltage

for generation of nanosecond radio pulses. With a subject on the

accelerating electrode voltage less than U,, the LBV does not

generate.
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Fig. 8.25. Oscillator circuit of nanosecond radio pulses.

Key: (1). Starting. (2). in.
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With an increase in the steep front of accelerating voltage it reaches

consecutively levels of U1 and U2. The LBV is excited to period I,

for which there occurs a change in the voltage from U1 to U2 . The

form of generated thus radio pulse must they will be determined by the

character of the dependence of the generatable power on a change in

accelerating voltage within the limits of the range of the excitation

of LBV from U, to U2 (Rg. 8.26b).

Duration of generatable pulses can be regulated by change in

steepness of edge of pulse of accelerating voltage.

For obtaining nanosecond radio pulses in millimeter wave band is

proposed method, in which are utilized reflections of oscillations,

(%

fm mmmram um l ~ IBnB
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which occur in special shf circuit [163].

Fig. 8.27 gives diagram, which elucidates principle of shaping of

radio'pulses of millimeter wave band of small power. Radio pulses are

obtained with modulation of the continuous oscillations, created by

klystron. Energy of fundamental type continuous oscillations, created

by klystron 1, enters the input of rectangular waveguide 2, which goes

around cone-shaped waveguide expansions, then it passes through the

section with ferrite 3, where occurs the rotation of the plane of

polarization at angle of 450 and finally it is absorbed by

semiconductor diode 4, whose resistor/resistance presents the matched

load.



DOC = 88076725 PAGE

A i

I I z I

100 20 0 140 Y PA

Fig. 8.26. Dependence of wavelength of shf oscillations on the

accelerating voltage of LBV (a) and dependence of power of

oscillations on voltagetb).

Key: (1). mW.
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During the action fed to the diode of the short-term pulse of bias

voltage by 5, there occurs the disagreement/mismatch of diode and

therefore the reflection from it of shf oscillations appears. The

supplementary rotation of the plane of polarization on 450 occurs with

the secondary passage of the oscillations through the ferrite, after

which the signal through output 6 enters the waveguide, which leads to

the load.

In this diagram semiconductor diode is modulating element. ffter

the admission of shf oscillations (55 GHz) to the diode, loaded to the

resistance of 75 ohms, through it the current, which considerably

reduces the high-impedance resistor/resistance of diode, flows/occurs.
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Therefore it is possible to match the circuit of diode with the

circuit of signal and wave reflections it does not occur. However,

after the admission to the diode besides this pulse of the bias

voltage of negative polarity with an amplitude of about 5 V occurs an

increase in the resistor/resistance of the circuit of diode, i.e.,

disagreement/mismatch conditions are created. Thus, for the time of

action of displacing output potential of diagram is isolated radio

pulse.

Pulse-shaping circuit of bias/displacement is given in F'g.

8.28. Oscillations with frequency of 100 kHz and to amplitude of

approximately 300 V enter nonlinear inductance coil. Upon the

saturation of the core of this coil occurs the drop in the voltage,

which after differentiation is converted into the sharp pulse of

considerable amplitude, which enters the grid of tube. Due to the

negative bias/displacement on the grid of tube occurs the limitation

of this pulse from below.

)



DOC = 88076725 PAGE --20.

Fig. 8.27. Block diagram of a device for the generation of radio

pulses in the range of millimeter waves.

Key: (1). Output.
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Therefore, on the load with a resistance of about 75 ohms is

formed/shaped pulse with the duration of 3 ns (on the foundation) with

an amplitude of about 3 V. Thus, the duration of radio pulses proves

to be also 3 ns.

For obtaining nanosecond radio pulses of millimeter range can be

used another version of modulation [163). It is possible to utilize

two waveguide resonators, been connected in series, each of which is

cut off at the same frequency and is shunted by sharpened silicon

diode. The resistances of the diodes are great. With a certain bias

voltage and the total energy losses with the work of resonators are

approximately 4 dB. With the bias voltage of another polarity of loss

they grow/rise to 40 dB. Therefore, using constant bias voltage on

one side and nanosecond video pulses of the proper polarity on the

other, it is possible to carry out modulation of the shf oscillations,

which enter from the klystron. This type of modulator does not

( require a precise agreement and therefore little it is sensitive to
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the insignificant frequency drift of klystron.

With the application of high-speed semiconductor devices there

can be obtained other sufficiently simple circuits of modulation for

formation of low- power nanosecond radio pulses [164, 165]. Radio

pulses are formed/shaped, for example, with the aid of highest

harmonic components of a steep edge in the modulating voltage,

obtained due to the rapid switching of diffusion silicon diode [164].

\)
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Fig. 8.28. Pulse-shaping circuit of bias voltage.

Key: (I). Output.
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For this the diode is assembled in the waveguide (Fig. 8.29) and is

changed over during the supplying of the voltage of frequency to 10 or

20 MHz.

In the waveguide oscillations only of very high frequency (8-11

GHz), which appear at moment of sharp drop in voltage during switching

of diode into states of direct and reverse conductivities, are

propagated. From the secondary winding of transformer, which is

located in the anode circuit of tube, to the diode sinusoidal

oscillation and bias voltage is supplied. Capacitance C (at the input

into the waveguide) together with secondary winding of transformer

forms resonance circuit. The isolated with waveguide radio pulses

have a duration of approximately 1 ns at the peak power of 0.01 mW and

the repetition frequency 10 and 20 MHz.
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In the other version of this device/equipment into waveguide

tunnel diode, which has very short switch time [165], is placed. As a

result succeed in obtaining the radio pulses of the millimeter range

with a duration of about 2 ns.

At present methods of generation of nanosecond radio pulses of

small power continuously are improved. Besides different

installations for the investigation of the circuits of shf and

circuits of electronic devices such pulses already successfully are

utilized in the electronic computers with increased speed [166, 167].

I I~l --- II• Im mmI mmm
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Fig. 8.29. Pulse-shaping circuit with waveguide and high speed diode.

Key: (1). Waveguide. (2). Output of radio pulse. (3). Input.

(4). or. (5). MHz. (6). Bias on diode.
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8.5. GENERATION OF POWERFUL RADIO PULSES.

Magnetron oscillators usually are utilized as a source of

powerful radio pulses of SHF band.With the formation of the modulating

video pulses of microsecond duration are used the modulator circuits

on the electron tubes or diagrams with the forming lines and the

thyratron as the commutator, and which frequently are utilized peak

transformers. Circuits with the forming artificial lines and peak

transformers are most simple. In this case the shape of the pulse,

supplied to the magnetron, is determined by the characteristics of the

peak transformer, which agrees on impedance of the circuit, which

forms pulses, with the magnetron.
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Peak transformers, utilized in powerful/thick modulators, have

insufficient broad-band character and cannot be used with impulse

shaping by duration considerably of less than 0.1 ms. Application in

the modulator of the forming circuit without the peak transformer

leads to the need for having high charging voltage on the line and,

furthermore, appear considerable difficulties with the agreement of

circuit with the resistor/resistance of magnetron.

In Chapter 3 were examined forming circuits, which contain

non-uniforms circuit of transmission, with the aid of which it is

possible to lower charging voltage of line and to match modulator with

oscillator of high-frequency oscillations.

However, during development of modulators of magnetron

oscillators, intended for generation of nanosecond radio pulses,

together with requirements of broad-band character it is necessary to

consider specific character of excitation of oscillations in

magnetrons. The requirement of thp limited rate of the

build-up/growth of the modulating voltage on the magnetron is one of

the special features of the work of magnetrons. Establishment of the

mode, type r different from the oscillations is the final result of

too rapid a increase of voltage on the magnetron.

Page 450.

Limited rate of voltage rise, caused on application of magnetron,

increases minimum pulse duration, which can be obtained in the case of
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applying usual type modulators.

During the generation of nanosecond radio pulses of considerable

power the so-called pedestal ' ethod of modulation of the magnetron

[39], which removes difficulties, found use. Fig. 8.30 gives the

shape of the complicated modulating pulse. Pulse consists of pedestal

U. and test section Uw. The pulse of pedestal has relatively small

steepness of front, sufficient for the establishment in the magnetron

of oscillations of the type r. Due to the pedestal, whose amplitude

composes 0.6-0.8 of amplitude of entire pulse, magnetron generates the

power of order 5-10% of the nominal power of magnetron.

After the mode of oscillation point is established/installed with

the aid of pedestal part of pulse in magnetron, to magnetron there is

fed a test section of pulse (operating pulse) of nanosecond duration,

which converts magnetron into mode of generation already at nominal

power. Since up to the moment/torque of acting the operating pulse

magnetron oscillates normal type, the rise time of the current of

magnetron and high-frequency power will be, in essence, limited to the

parasitic parameters of input circuits of magnetron and to its plate

capacitance - cathode. This time composes a total of several

nanoseconds.

During generation of radio pulses with duration in several ten

nanoseconds required shape of modulating pulse and necessary agreement

of modulator with magnetron they can be achieved/reached in modulator
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circuit with stepped line. In Fig. 8.31 is given the diagram of

pedestal modulator on artificial lines [39]. The here forming line

consists of four separate artificial lines with different wave

impedance.
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Fig. 8.30. Oscillogram of complicated modulating video pulse.
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Three lines are included as quadrupoles, and the latter as

two-terminal network. The first. line, which forms first stage, has

the smallest wave impedance, and in the subsequent stages it grows

with an increase in the number of stages. This heterogeneous stepped

line is intended for the formation of working nanosecond pulse and

impedance matching of circuit with the resistor/resistance of

magnetron L,. This non-uniform circuit is simultaneously a voltage

transformer. For the impulse shaping of the pedestal the simplest

single-section LC-chain is utilized.

Comparatively long pulse of pedestal through peak transformer is

supplied to magnetron. The delay time of stepped line must be such so

that it would correspond to rise time of pedestal pulse to its maximum

value. At this time the magnetron begins to oscillate fundamental

type and its dynamic resistance it is reduced and it proves to be that

corresponding to output resistance of stepped line. The entering the

magnetron nanosecond operating pulse converts him into the mode of the
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generation of total power. As the commutating element in the circuit

of the impulse shaping of pedestal and in the circuit of nanosecond

pulse is used one thyratron L,.

)
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Fig. 8.31. Modulator circuit with stepped forming line.
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Fig. 8.32a gives an equivalent schematic diagram of stepped

forming line, while Fig. 8.32b shows diagrams of voltage into lines,

which occur with shaping of nanosecond pulse. Stepped line is

comprised from (n-l) quadrupoles and one two-terminal network. All

artificial long lines, which make up the stepped line, must have

identical delay time t,,/2, where t,,- duration of nanosecond pulse, and

also identical frequency-phase characteristics.
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Fig. 8.32. Equivalent diagram of stepped forming line (a); diagram

of voltage in this line (b).
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Impedances of all artificial lines must satisfy the

relationships/ratios
k(k+ I) R,,

P, ="--- It n

where k - ordinal number of line, k=l, 2, 3, ..., (n-l).

During propagation of wave of voltage along non-uniform circuit

of transmission at points, where occur for heterogeneity they appear

reflections, and wave amplitude of voltage, which is propagated in

forward direction, undergoes change. )
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When thyratron ignites, appears wave of voltage Ui, opposite on

its polarity to voltage En of initial charge of line. In this case

lU.1 =I=E.1 This wave is propagated along the first line with a wave

impedance of p,. At junction of the first and second line, that have

wave impedance p, (moreover, p2>pi), appear two waves of the voltage:

one is propagated along the second line (U.), and the second

(reflected) it is propagated back to the side of the first line (Fig.

8.31b).

Voltage of direct wave can be recorded in the form

U --==2U, P2

Voltage of wave reflected, which is propagated in first line,

will be

U'=2U P.

These waves, being propagated, create new straight/direct and

reflected waves (Fig. 8.32b).

Voltage of direct wave, which is propogated through stepped line,

grows/rises as a result of gradual increase in wave impedance of

separate steps/stages. Therefore the resulting voltage of r.ilse

proves to be in n/2 times of more than the initial voltage of the

charged/loaded line. It is possible to conclude from the given
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diagrams of voltage (Fig. 8.32b) that the delay time of stepped line

is equal

or in this case t,=3/2t,,.
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Thus, with the aid of diagram in question it is possible to

satisfactorily coordinate circuit of formation with

resistor/resistance of magnetron both in initial and in completing

stage of excitation of oscillations. Furthermore, the application of

non-uniform circuit makes it possible to reduce initial charging

voltage of the forming line.

Pedestal method of modulation of powerful/thick magnetrons is

convenient in one more sense. Usually after in the process of

modulation anode voltage on the magnetron will become close to the

nominal, a change in the voltage sharply affects the value of anode

current. Therefore in the simple diagrams of modulation it is

necessary-to remove changes of the voltage on the apex/vertex of the

modulating pulse. Obtaining flat-topped pulse with high voltages is

difficult. However, in the pedestal method due to the presence of the

pulse of pedestal the amplitude of working nanosecond pulse is

considerably lower than the total nominal voltage of magnetron. In

other words, with a comparatively noticeable nonuniformity of the

apex/vertex of operating pulse the relative nonuniformity of the

apex/vertex of entire modulating pulse proves to be very small.
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Described diagram with stepped line, which consists of artificial

delay lines, is insufficiently wide-band, for impulse shaping with

duration on the order of 10 ns. However, at present appears ever

larger need for powerful/thick radio pulses with duration on the order

of 10 ns and even it is less.

For a certain increase in broad-band character of forming circuit

as individual lines can be used sections/segments of coaxial cables

with different wave impedance. It is possible also stepped line to

replace with the appropriate heterogeneous distributed-parameter line.

However, at present there are oscillators of nanosecond pulses of

high voltage, not susceptible to value of load. Such diagrams make it

possible to easily obtain the reliable agreement of the forming

circuit with the resistor/resistance of magnetron even under the

condition for a considerable change of the load resistance/resistor in

the process of exciting the magnetron.

Thus, as an oscillator of working nanosecond pulse there can be

used the diagram proposed by Yu. V. Vvedenskiy (Fig. 3.30b).

Page 455.

In this case the impulse shaping of pedestal and operating pulse must

be realized by different diagrams. Both pulses in the specific

time-sequential routine must be folded with the aid of appropriate
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adding circuit. The block diagram of this modulator is represented in

Fig. 8.33.

Thyratron can be used as commutating element in each diagram. If

we consider the great possibilities of diagrams with the commutating

inductance, used also in the devices/equipment, designed for obtaining

of powerful pulses, then can prove to be permissible the replacement

of thyratrons by these inductance, which will considerably raise the

reliability of entire device/equipment.

Besides method of obtaining radio pulses examined via modulation

of the shf oscillator, there is proposed a new method of formation of

powerful nanosecond pulses [168]. This method is based on the use of

an effect of the build-up/growth of energy in the circular resonator,

connected by couplers with the waveguide, on which is propagated the

shf energy from the continous wave oscillator. Into the circular

resonator the energy enters from the fundamental waveguide and

gradually it increases. If the energy of shf oscillations with the

aid of the high speed commutator accumulated in the circular resonator

is derived to the load, then radio pulse is formed on it. The peak

pulse power depends on the energy accumulated in the circular

resonator; and its duration is equal to the length of ring, divided

into the group velocity of the waves, which are propagated in the

ring.
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Fig. 8.33. Block diagram of modulator.

Key: (1). Oscillator of operating pulse. (2). synchronizing unit.

(3). Adding circuit. (4). Magnetron. (5). Pulse generator of

pedestal.
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For usual rectangular waveguide, which works in the relation of

critical wavelength to the worker, equal to 1.4 or 1.5 pulse duration

into one nanosecond corresponds to the length of ring in 25.4 cm. The

duration of the front of radio pulse is determined in essence by

triggering time of the commutating element. The specially developed

gas-discharge instrument, controlled by external trigger pulse, is

utilized as the commutating element. Time of commutation of

approximately 2-3 ns. By this method were obtained radio pulses by

duration about 10 ns with a peak power of I MW.

(
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CHAPTER NINE.

AMPLIFICATION OF PULSES.

The amplification of pulse oscillations is one of the most

complex problems of nanosecond pulse technique. As is known, the

possibilities of electron tubes in the gain ratio of oscillations with

the wide spectrum are rated/estimated by the cut-off frequency of tube

in the schematic of the resistance-coupled amplifier

I s (9.1)

where S - mutual conductance of tube at the operating point;

C, - stray capacitance, which is folded from the input and output

capacitances of tubes.

Cut-off frequency of tube is that frequency, at which

amplification of resistance-coupled amplifier becomes equal to one.

It is necessary to keep in mind which under actual conditions Jr, is

less than the calculated due to supplementary stray capacitance, which

appears during the installation of tube into the diagram.

Amplifier can fulfill its functions only if upper cut-off

frequency of spectrum of amplified oscillations fu<ro. Otherwise of

component the oscillations, whose frequency is above fr, will be not

amplified but attenuated. All amplifiers utilized in the amplifier
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technique of microsecond range work under condition Im<frp. The special

feature of the amplification of oscillations in the nanosecond pulse

technique is the fact that in the majority of the cases the higher

frequency of the spectrum of the amplified oscillations is more than

the cut-off frequency of tubes.
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This fact led to the need for the creation of the special methods of

amplifying the oscillations of nanosecond duration.

However, not only effect of stray capacitance impedes

amplification of oscillations with very wide spectrum. At very high

frequencies a sharp drop in their input resistance due to the effect

of the inductance of introductions/inputs and final rate of the

flight/span of electrons is a very essential deficiency in the tubes.

The incidence/drop in the input resistance of triple-grids amplifier

with the high slope/transconductance causes the need for the

replacement by their triodes of shf, which are characterized by high

input resistance, and so the use of special circuit diagrams.

In recent years for amplifying pulse fluctuations of small

amplitude they began to widely use semicondvctor devices, it,

particular, tunnel diodes.

9.1. Operation of the tube in the super wide-band amplifiers.
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In order to rate/estimate behavior of tube in the range of very

high frequencies, which seizes pulse spectrum of nanosecond duration,

in its equivalent diagram it is necessary to consider not only stray

capacitances, but also stray inductances of introductions/inputs.

(h
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Fig. 9.1. Equivalent diagram of pentode.

Page 459.

Fig. 9.1 gives the equivalent diagram of pentode, comprised for the

range of superhigh frequencies [169). C.,,, and Co, designate the

capacities/capacitances between the anode and the tube panel and the

grid and the panel; remaining elements are designated in the figure.

It is necessary to note that for the very narrow pulses the tube

already cannot be considered as a lumped system; therefore the diagram

given in Fig. 9.1 is insufficient strict.

As the theory and experiment show, greatest effect on input

admittance of tube exerts inductance of cathode introduction/input

4. Equivalent amplifier circuit taking into account cathode

introduction/input is given in Fig. 9.2; diagram is comprised for

alternating current. At the very low frequencies, at which it is

possible to disregard L, the input impedance of a tube carries purely

reactive/jet (capacitive) character. The input current t,, leads the

input voltage V,,, on the phase on 1800. At the higher frequencies
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presence L,; leads to the fact that the phase angle between i,, and

U, decreases. This means that the input impedance of a tube is no

longer purely reactive/jet, and it contains active component.

Xnput impedance of a tube at high frequencies can be represented

in the form of parallel-connected of input capacitance C,, and input

admittance G.- (or R,,) (Fig. 9.3).
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Fig. 9.2. Fig. 9.3.

Fig. 9.2. Equivalent amplifier circuit taking into account inductance

of cathode introduction/input.

Fig. 9.3. Diagram of substitution of input circuit of tube.
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V. I. Siforov [170] showed that these values can be expressed as

follows:

C.,- C, + C _. G,,.- , LS,,.

where C. - grid capacitance - cathode;

C, - capacitance control electrode - screen of stack;

S,,- mutual conductance of cathode current.

As it follows from formula, value of active input admittance

grows/rises proportional to second degree of frequency, i.e., it is

more rapid than capacity susceptance. Therefore for the very high

frequencies the negative effect of the increase of active input

admittance is manifested more strongly than the effect of capacity

susceptance.
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Expression for active input admittance can be represented also in

the form

where A=4%'C,L,,S,,- parameter, which characterizes tube.

Taking into account also inductance of introduction/input of

screen grid Lj. it is possible to obtain that [170]

G., =(SC, L. - SaCLa)w',

where S,-- mutual conductance of screen current.

As it follows from this formula, presence of inductance in

circuit of screen grid decreases active input admittance. Installing

additionally inductance into the screen circuit, it is possible to in

effect 2-3 times decrease input admittance.

Final rate of electron motion leads to the fact that at very high

frequencies in tube appears supplementary input admittance, which can

be determined according to formula [170]

G =kS,;%2 w2,

where k - coefficient, which considers geometry of tube;

c- electron transit time from cathode to control electrode.

During design of pulse amplifiers of nanosecond duration with

band into hundreds of megahertz it is necessary to compulsorily
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consider incidence/drop in active input lamp resistance. Value R,,, is

given usually in the manuals; for triple-grids amplifier with the high

slope/transconductance in the range 100-200 MHz it composes hundreds

of ohms.
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9.2. Traveling-wave amplifier the principle of operation of

amplifier.

As already was mentioned above, in the case, when higher

frequency of spectrum of signal /,, exceeds cut-off frequency of tube

hi amplification of oscillations in usual diagrams becomes

impossible. The parallel connection of tubes does not change

position, since it does not lead to an increase in ,,. and the series

connection of stages gives a negative result. In order to obtain

sufficiently high amplification factor in the case, when the factor of

amplification of separate cascades/stages is lower than one, it is

necessary to carry out an addition of the output voltages/stresses (or

the same as the addition of the factors of amplification of separate

cascades/stages).

To carry out addition of output voltages/stresses is possible

with the aid of building-up principle. Building-up principle consists

in the addition of the pulses, which arrive at different moments of

time. So that any device could accumulate pulses, it must possess the

ability to memorize them, and then to summarize. Pulse oscillation at
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the input of storage device/equipment is usually series from the

pulses of identical form, which follow after each other with quasi

period T; the delay time of the memory element of storage

device/equipment is selected by equal T. As a result of the process

of accumulation the output pulse will be in N of times more than input

and it will retard with respect to the first input pulse on the period

(N-l)T. This time is called storage time. Building-up principle

widely is utilized for amplifying the oscillations of the shf in the

so-called circular resonators. Let us note that an increase in the

amplitude of voltage on the reactive/jet elements of series circuit in

the presence of the resonance is also based on the use of building-up

principle.

Building-up principle can be realized with the aid of many

systems, one of which is subdivided delay line, loaded on rings to

effective resistance, equal to its wave. Line consists of N-1

sections, each of which possesses delay time, equal T.
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The first of the input pulses is fed to the input of entire line, the

second - to the input of the second section, the third - to the input

of the third section and so on up to the latter, which is supplied for

the load. As a result of this distribution of the feed ends of pulses

each of them is delayed in the line accurately by this time interval,

on what it anticipates/leads latter/last pulse in the series. As a

result of this all pulses come for the load, which is located at the
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end of the line, simultaneously and store/add up on it.

In a description of the work of storage device/equipment given

above discussion dealt with pulse train, which follow through specific

time interval. Under the actual conditions the amplifier must amplify

pulses with the most varied repetition periods, including single

pulses. In order in these cases to realize building-up principle, the

schematic of accumulator/storage must be supplemented with the diagram

of multiplier. Multiplier is the device/equipment, which converts

single pulse into the series from-the n pulses, which follow one after

others with quasi period T.

Simplest multiplier can be'subdivided delay line, which consists

of N-1 sections and loaded to wave impedance for eliminating

reflections. From the beginning of line and end/lead of each section

the removals/outlets, whose total number is equal to N, are taken; the

delay time of pulse T in each section is equal.
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0I

Fig. 9.4. Diagrammatic representation of traveling-wave amplifier.
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Passing along the line, input pulse consecutively/serially appears at

the end of each section after time T, i.e., is formed the

quasi-periodic sequence of pulses.

Traveling-wave amplifier is schematically depicted in Fig. 9.4.

It is the combination of the rLultiplier, whose role performs grid

line, and the accumulator/storage, whose role performs plate line.

The conclusions/outputs of grid line are connected to the appropriate

points of the plate line through the tubes. During the supplying to

the input of this system of single pulse it is propagated along the

grid line, consecutively/serially appears at the grids of tubes, is

amplified by them, it is isolated in the anode circuits of tubes and

moves further to the right and to the left along the plate line. The

pulses multiplied in the grid circuit come to the right end of plate

line simultaneously, and to the left end - with the retardation to 2T

one with respect to another. As a result on the load, which consists

Jt
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on the right end of the line, all pulses are stored, up, which is

equivalent to the addition of the factors of amplification of tubes.

Thus, system as a whole first converts one pulse into series of H
pulses, amplifies each of them separately and then it summarizes

intensive pulses. Above has already been indicated that the

amplification is possible when the cut-off frequency of tube fp is

more than the higher frequency of the spectrum of amplified

oscillation f.,,. If ,,>ir,. then with the permissible nonuniformity of

the amplitude-frequency characteristic of amplifier its amplification

is less than one. The use of building-up principle makes it possible

to carry out amplification of oscillations, also, in this case, since

the resulting factor of amplification of the diagram

K, -'vo

where K, - factor of amplification of tube in the diagram.

Since load of tube is equal to where P,- wave impedance of

plate line of delay (coefficient of 1/2 is caused by the fact that

line is connected to tube to the right and to the left), then factor

of amplification of tube in diagram K0, and amplifier gain
N

2 " (9.2)
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In the reasonings given above there was a clear role of the value
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of time lag T in one section of line. The response to this question

can be given only after the examination of the fundamental amplifier

circuits of the traveling wave, which are performed on the networks of

low-pass filters, and also in the sections of long lines.

9.3. Traveling-wave amplifiers on the chains/networks of filters.

Initially traveling-wave amplifiers were performed on

chains/networks of filters [40). The schematic diagram of this

amplifier is shown in Fig. 9.5. Specially switched on inductance L,

form together with input capacitances of tubes of Cc the chain/network

of the filters, which represent the equivalent of long line. The

analogous equivalent of long line is formed in the anode circuit-by

inductance L, and output capacitances of tubes C,. These

chains/networks of filters play the role of the subdivided delay lines

in block diagram of traveling-wave amplifier described above.
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C0  Cao Co Co a

LC L L L

Fig. 9.5. Fundamental amplifier circuit of traveling wave, made on

chains/networks of filters.
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Fundamental special feature, of this.amplifier circuit is the fact

that parasitic elements (capacities/capacitances of tube) perform role

of capacities/capacitances of filters, i.e., are utilized as elements

schematics of equivalent long line. In this an essential difference

in the amplifier of that running on the chains/networks of filters

from the amplifier in the sections of long line. In the

traveling-wave amplifier on the chains/networks of filters is utilized

such diagram of connection of tubes, in which their

slope/transconductance is summarized, and the capacitances are not

stored up.

The possibilities of such amplifiers, which ensure the

undistorted amplification of pulse signals, are determined by type of
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filters used in them. In the diagram given on Fig. 9.5 the simplest

constant K filters are used. Cutoff frequency in these filters
2

,oi;1, iV.u Since capacitance value C is the given one (it it is equal to

stray capacitance of tube), then for an increase in the cutoff

frequency, and thereby of the passband of amplifier, it is necessary

to decrease the value of inductance L. However, the decrease of

inductance leads to the decrease of characteristic impedance ,-/,

and thereby to the decrease of the amplifier gain K, [formula (9.2)].

After considering that with the assigned magnitude of distortions the

passband of amplifier AF .al,1,, where a - certain coefficient (a<l),

and after using formula (9.2), let us determine cut-off frequency or,

that also, the area of the amplifier gain of the traveling wave:

[r,,~ _'j F = . S : -:- al r .. (9.3)
fizAjF - -S VC,, -LC .. k' ( )

where C. =Ca- icc, k=-C,/C.

This expression differs from the expression for cut-off frequency

of tube (9.1) given earlier, in the first place, in terms of presence

of coefficient k<l, which indicates that in this diagram input and

output capacitances of tubes are divided and that cut-off frequency

due to this is raised, in the second place, by presence of coefficient

a<l, of characterizing properties filter and degree of distortions of

pulses.
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Since a<l, then this coefficient decreases the cut-off frequency.
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Most important difference, however, is the fact that the cut-off

frequency of diagram is directly proportional to the number of tubes

N. This means that by an increase in the number of tubes the cut-off

frequency of amplifier can be made as to high as desired (formula on

considers the special features of the work of tube at the superhigh

frequencies and the ohmic losses in the filters, which

establish/install the limit of increase fri).

As it follows from (9.3), for increase in cut-off frequency,

which characterizes area of amplifier gain, it is desirable to

increase coefficient a. This coefficient shows what part of the

filter transmission band is accepted as suitable for the undistorted

transmission of pulse oscillations. As is known, the transmission

factor of a constant K filter is constant in the range of frequencies

from 0 to F,;p only when the filter is loaded to the characteristic

impedance, which has fairly complicated dependence on the frequency.

Only in the range of frequencies f<Fp it is possible to consider

that the characteristic impedance of filter is equal to p=VE7T-.

Fig. 9.6, borrowed from [33], gives dependences of modulus of

complex transmission factor of constant K filter on frequency with

different values of load resistance/resistor. As can be seen from the

figure, with n-i, i.e., when Z,,-p, the amplitude-frequency

characteristic of filter is far from ideal and for the undistorted

transmission its only initial section can be utilized.
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Fig. 9.6. Dependence of transmission factor of filter section of type

K on frequency with different values of load resistance.
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With an ificrease in the number of filters of distortion they grow/rise

and passband respectively becomes narrow. Therefore the value of

coefficient a for the constant K filters is very small. Because of

this, the traveling-wave amplifiers on the constant K filters are

barely suitable for the application in the nanosecond pulse technique.

Considerably best results are obtained during application in

traveling-wave amplifiers by M-derived filter. These filters differ

from constant K filters in terms of the fact that the inductance of

consecutive branch increases in m of times, so that L,,. ,PLA and in

parallel branch there is included inductance -'-41 Lhe

capacitance of parallel branch so it increases in m of times (Fig.
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9.7a). Virtually a M- derived filter is performed in the form, shown

in Fig. 9.7b. Between the coils, which stand in the consecutive

branch, the inductive coupling with the mutual inductance factor M is

established/installed. The parameters of second circuit are expressed

as the parameters of the first as follows:

L, -L K  M2n+ I I LI !-2"--L C - C~m
4mK N 4m

I I II i I i f.
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0C

Fig. 9.7. Filter section of type m: a) equivalent diagram; b)

practical fulfillment of diagram.
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Since the network of filters in the traveling-wave amplifier is

equivalent of long line, the quality of filters is convenient to

rate/estimate by dependence of time lag of oscillation, passing

through filter, on frequency. Fig. 9.8 gives the dependence of time

lag on value X - [171]. It follows from the graph that the greatest

constancy of delay time, i.e., the smallest dispersion, is possessee

by the filter with m=1.27. A filter of the type K(m=l) possesses

substantially greater dispersion. Therefore in the traveling-wave

amplifiers usually are utilized the chains/networks of filters with

m=1.27. For the equalization of the frequency characteristic of the

chain/network of filters in the beginning and at the end of the line

usually are placed the half-sections with m=0.6.

Theoretical analysis of processes, which occur in traveling-wave

amplifiers on chains/networks of filters, is very complex and little

it is suitable for engineering. For the amplifiers, which contain
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from 3 to 30 sections, the time of the establishment of transient

response can be determined according to empirical formula [171]

112~

where W' 2n (LK CK)-"

Overshoot of transient response composes approximately 15-25%.
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Fig. 9.8. Dependence of time lag on x for different values of

parameter M.
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F'j.r 9*. plifier circuit of traveling wave on chains/networks of

M-derived filters.

Key: (i). !AH. (2). V. (3). Input.
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Amplifier circuits of the traveling wave on chains/networks of

M-derived filters repeatedly were described in the literature; into

[40] there is table of reference data on amplifiers. Therefore as the

illustration let us give only the one amplifier circuit, shown in Fig.

9.9. It provides the amplification, equal to 2.8 in the frequency

band to 400 MHz. The characteristic impedance of the anodic filter

equally to 150 ohms (inductance of each half of coil 0.049 pH, mutual

inductance factor between the sections 0.020 gH). The input impedance
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of a tube increased due to the inclusion of inductance in the screen

circuits of tube (which was formed due to the wires of bypass

capacitor). The time of the establishment of the transient response

of amplifier was less than 2 ns.

The drop in input resistance of the receiver-amplifier tubes at

superhigh frequencies leads to need for utilizing, instead of them,

the shf triodes, which possess considerably high input resistance. The

direct switching on/inclusion of triodes instead of the pentodes is

impossible, since it leads to the onset of feedback between the anodic

and grid lines due to the transfer capacitance. Therefore triodes in

the traveling-wave amplifiers are switched on, for example, in the

manner that it is shown in Fig.' 9.10. This diagram makes it possible

to substantial:y decrease the capacitive coupling between the anodic

and grid lines.

9.4. Traveling-wave amplifiers in the sections of long lines.

Traveling-wave amplifiers on chains/networks of filters have the

deficiency, that passband of their is determined by critical frequency

of filter.
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a,8

Fig. 9.10. Method of switching on/inclusion of shf triodes for the

purpose of a decrease in the effect of transfer capacitance.
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In this case virtually, since the chain/network of filters is loaded

not on the characteristic impedance, but on the constant effective

resistance, the upper band edge of the transmission of filter is

considerably less than the critical frequency of filter. This fact

leads to the fact that for amplifying the signals with the very wide

spectrum it is necessary to proceed from other principles of the

construction of amplifiers.

One of methods virtually, of completely removing effect

transmitting systems from passband of amplifier, is replacement of

filters in anode and grid circuits sections of long line. The long

line, loaded on the wave impedance, makes it possible to carry out the

undistorted transmission of oscillations with the very wide spectrum.

All distortions, which can arise in this amplifier, depend on the

'p

-c
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presence of tubes and they will depend on their parameters input and

output capacitances, input resistance, etc.).

Structurally the amplifier in sections of long lines appears in

the manner that it is shown in Fig. 9.11.
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Fig. 9.11. Arrangement of anodic and grid lines in traveling-wave

amplifier.

Key: (1). Plate line. (2). Grid line.

r C] I~

CI 6I~' I
T I

Fig. 9.12. Equivalent amplifier circuit of traveling wave in sections

of long lines.
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The transmission lines are formed by straight/direct wire or tube and

corner screen/shield. The anode and the grid of tube are connected to

the appropriate lines, and cathode - to the corner screen. This

system, besides the increased electrical indices, possesses still

advantages in a design sense.

The traveling-wave amplifier is a distributed system with

(-.
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discrete/digital heterogeneities (Fig. 9.12). Let us designate the

number of tubes through N. In this figure the tubes are replaced with

their input and output resistance and capacities/capacitances. The

pulse which is propagated on the grid circuit is passed to it through

n heterogeneities, which are the integrating components/links, and

then it passes through m integrating components/links to anode

circuit; it is easy to see that n+m=N+l.

Let us accept at first, that delay time of one section is more

than half of pulse duration, then action of each heterogeneity can be

examined independently. Let also the pulse have rectangular form and

in section/segment [At.] be described by unit function 1(t), whose

spectrum exists 1/jw. Pulse spectrum after passage n of the

heterogeneities

0 + P) ,e --i ,

where the reflection coefficient from the heterogeneity

-zc-PcpzC + Pc

and Zc is the parallel connection of the resistors/resistances of

input capacitance Cc, input resistance Re and input resistance of the

right side of the line, i.e., Po. Let us assume that Rc>-L then

Zo--o/(1 + ioc°),

where T =Xg
--72"
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Substituting this expression into formula for reflection

coefficient and further into formula for F.(M we obtain

eW 1 I jW I& 1 '
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Assuming that time constant of heterogeneity in plate line is

equal to time constant of heterogeneity in grid line, then immediately

it is possible to write expression for pulse spectrum, which passed

through amplifier,

Shape of this pulse, which coincides with form of transient

response of amplifier in section/segment [0.2t 3j, will be located by

computing integral

whence 0)

.. () --. ' ,\ -- ,x - (N' -- 1 lx.1, (9.4)
N!

where -

X responseof\tavein-

Transient response of traveling-wave amplifier in sections of
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long lines with tZ2t, coincides with transient response of

resistance-coupled amplifier, which contains N+1 cascades/stages. Let

us note that when deriving the equation of transient response were

examined only the distortions, created by heterogeneities, but the

amplifier effect of tubes was not considered. If we consider the

amplifier effect of tubes, then the steady-state value of transient

response must be multiplied on

K, - 7 ANSp,.

Time of establishment of transient response of traveling-wave

amplifier t1 =2 % 1 1p .C8 I 'N+1 ,

whence the area of amplification

I O_ .'5Sp, V 0 ,4 6  /N (9.5)Q 0 , ,r . C.N+

(,

._ , j mn lnum nnnnmnlu nnmm nnuumna lnnl ml~ In u in
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It follows from the formula that the area of amplifier gain of

traveling wave in sections of long lines is proportional to root from

number of tubes. Of this consists a difference in this amplifier from

the traveling-wave amplifier on the chains/networks of the filters,

for which the area of amplification is proportional to first degree of

N. However, this advantage of amplifiers on the chains/networks of

filters is retained only in relatively small of frequencies, for which

the transmission factor of chain/network can be considered constant,

whereas for the amplifier in the sections of long lines

relationship/ratio (9.5) remains valid for the very broadband.

Formulas written above did not consider the phenomenon of

reflection from heterogeneities. After a lapse of time 2t, to the

output of amplifiei there will arrive the oscillations reflected from

the heterogeneities, i.e., the pulses, which completed besides the

passage through N-1 the section of line another cycle on the ring,

formed by any of the sections (sections) of line and by two

heterogeneities. If we are distracted from the fact that in the plate

line the pulses go not only in the direction of load, but also into

the opposite I will move that are caused supplementary reflections,

then it will be immediately evident that the spectrum of the first

signal

K, +I -A 
-

2(-.

reflected.
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Under actual conditions in plate line supplementary reflections

appear. By examining the process of forming these reflections, it is

possible to obtain their expression for the spectrum of the first echo

pulse

+2 L)() -IN N (1 + Ae~ +'-3+ 2 'v;_L (I + _)N,+*'- -J.,+ 2 .

taking into account

Page 475.

Since

P- ,+'+ I,

where c=c, then

Fi,,,(w.') -=h'' --

x+j

> (,K ): + i,,/+ -2

Realizing the inverse transformation of Fourier, we obtain

t 6V f2)L' I t -((, + 2)q~-CV_+ 1)!_ I v- _ ),.

Resulting transient response of traveling- wave amplifier

A, (I) _ -I (1) + . (1),

where A(t) is determined by formula (9.4), and ,,T,.(t) -by formula

( (9.6).
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Let us exclude from these formulas shift/shear to period (N-l)t3,

then

f r (,v+ )+, (t) = K, • -

-- _ -2 t, N X+ (  - 2t,

V+ VIj-

Form of transient response depends substantially on value t,.

Fig. 9.13a shows the transient responses of amplifier for N=5, 6, 7

without taking into account the first reflection, while in Fig. 9.13b

- the first reflection for the same cases. Time lag 2t, in the

latter/last figure is not shown. The resulting transient response is

equal to the sum of these curves, displaced by time 2t3 .

Fig. 9.13c gives example of transient response for N=6 with

certain time lag 2t,, selected in such a way that transient response

would be best.
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The obtained transient response has nevertheless very large

nonuniformity of apex/vertex, what is the deficiency, characteristic

to the traveling-wave amplifiers of such types.

Fig. 9.14 gives amplifier circuit of traveling wave in sections

of long lines [172]. Plate line in it is formed by copper wire and
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screen/shield, and grid - by tube and by the screen/shield (grid line

it must have smaller wave impedance). Amplifier has a passband from

10 to 400 MHz with the nonuniformity of frequency characteristic ±3

dB. Amplification consists of 15 dB and in output resistance of 50

ohms. The form of the frequency characteristic of amplifier is given

in Fig. 9.15.

Traveling-wave amplifier on transistors is described into [173].

The diagram of one section of amplifieri input and output circuits is

given in Fig. 9.16.
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Fig. 9.13. Components, which present transient response of

amplifier.
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Page 477.

LLV2L L 00f

Fig. 9.14. Amplifier circuit of traveling wave on tubes 6AK5.

Key: (1). yH.

Page 478.

Amplifier Consists of four sections and gives amplification at 5.1 dB.

The passband of amplifier is equal to 290 MHz, the resistance of the

load is 43.4 ohms. In the amplifier were utilized the transistors

1N1143. the input and output capacitances of transistors were

C =C0=.i5 pF. Jnput resistance of transistor on alternating current

R1 5O0 of ohms, and output R,-280 kilohms. (At a frequency of 200 MHz

of value R1 and R, they are reduced to 150 and 300 ohms respectively).

( Amplifier is assembled according to common-emitter connection which it

AW5w 69 L2 mwmm omnN m ~ nm m
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has the best characteristics, than common-base circuit.

9.5. PULSE AMPLIFIERS ON TUNNEL DIODES. OPERATING PRINCIPLE.

Elements of amplifier possessing negative resistance as, for

example, tunnel diodes, can be utilized not only for generation of

oscillations, but also for their amplification. The amplifiers, made

on the elements with negative resistance, differ from usual amplifiers

by tubes or t-ansistors in terms of the fact that the effect of

amplification in them it is reached due to the action of

self-feedback. Therefore amplifiers on the elements with negative

resistance are the regenerated (or regenerative) amplifiers or, in

other words, by the underexcited oscillators.
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Fig. 9.15. Frequency characteristic of traveling-wave amplifier.

Key: (1). MHz.
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R14 2.t6Kito~aKz 04M~~ 0.O065wmn(. d.' 'z"oO

CS2 LS.b,2G Lsh R0.2f30.0

Coh - 0O56

22 550I Lf, cc

Fig. 9.16. Amplifier circuit of traveling wave, made on transistors.

Key: (1). MH. (2). Section of amplifier. (3). wire. (4).

output. (5).• input. (6). ohm. (7). Vq

Page 480.

Simplest amplifier circuit, made on tunnel diode, is given in

~Fig. 9.17a. It consists of tunnel diode TD, source of signal '. and

I resistor/resistance R. Let us examine the operating principle of this

I diagram, after being restricted at first to the region of the low

: frequencies, which does not affect the action of the reactive/jet

parameters of circuit and tunnel diode. Equivalent amplifier circuit

for this case is depicted in Fig. 9.17b. The resistor/resistance of)

spreading is included here in the resistance/resistor of load R. Feed

0? IVSa i05M: .O
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circuits in the figure are not shown.

It is necessary for steady state of equilibrium of this diagram

(as this was shown in Chapter 7) so that resistance/resistor of load R

would be lower than modulus/module of negative resistance R,.

Therefore load straight line will cross the volt-ampere characteristic

of tunnel diode (Fig. 9.18). The angle of the slope of full-load

saturation curve e will be more than the angle of the slope 7 of the

falling/incident section of the linearized volt-ampere characteristic.

The point of intersection of full-load saturation curve with the axis

of abscissas will indicate the value of voltage of supply source e.

Under the action of source of.alternating voltage e, load

straight line will be moved in parallel to itself to value U. -

amplitude of amplified voltage (this value it is counted off along

axis of abscissas). Because of this the operating point will be moved

according to the volt-ampere characteristic of tunnel diode in section

BC. In this case the amplitude of alternating voltage on the tunnel

diode U, as can be seen from Fig. 9.18, there will be more than the

amplitude of applied voltage.

. . .... .........
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Fig. 9.17. Simplest amplifier circuit, made on tunnel diode.

Page 481.

It is not difficult to see also that at the sharper the angle will

intersect the full-load saturation curve the falling/incident section

of volt-ampere characteristic, the greater the amplitude of the output

voltage U will be. In other words, for obtaining the high

amplification factor it is necessary that the resistance/resistor of

load R would be close to the modulus/module of negative resistance of

tunnel diode.

As can be seen from equivalent diagram, tunnel diode amplifier is

potentiometer, which consists of resistors/resistances of R-R,, to

which is conducted/supplied voltage u.. The transmission factor of

this potentiometer

R,

is more than one, because one of its arms has negative resistance.

)
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(( , a !r ,

Fig. 9.18. To explanation of operating principle of amplifier.

Key: (1). output. (2). input.

Page 482.

Approaching the ratio R/R. to one, it is possible to obtain any value

of amplification factor from the diagram. However, in proportion to

approximation/approach R/R, to one sharply grows/rises the danger of

the self-excitation of diagram. Therefore, it is virtually difficult

to obtain from one cascade/stage of tunnel diode amplifier

amplification factor more than 10.

Tunnel diode amplifier detects much in common with re-generative

amplifiers. As is known, the amplifier gain with the positive

feedback

7I
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where K - amplifier gain without the feedback, and m - factor of

feedback.

Value 1/(1-m) is gain in amplification factor, attained due to

introduction to positive feedback, i.e. due to regeneration. The

amplifier gain unlimitedly grows with m-i, while amplifier is

self-excited with m=l.

Similar pattern is observed also in tunnel diode amplifier. In

this simplest diagram value R/R. plays the role of the factor of

feedback. Therefore entire/all value of the factor of amplification

of this type of amplifier is determined only by gain due to the

regeneration.

Let us consider now action of transition capacitance and let us

depict equivalent amplifier circuit on tunnel diode in the form of

Fig. 9.19.

)

;I
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Fig. 9.19. Equivalent amplifier circuit on tunnel diode.

Page 483.

Complex transmission factor of this circuit

I

+ (I - R IR) + -R,,''

where. _

Passband of amplifier iith this characteristic at level 1/V/2.

_F-I__ I-RR

2nr ye 2nC0 R

and the area of amplification

Q =K AF I I R R. I

As is known, introduction to positive feedback to amplifier, time

constant of which is equal to r, it increases it in 1/(l-m) times,

which leads to decrease in so many once of passband of amplifier. The

area of amplifier gain in this case remains constant/invariable. It

is evident from that presented that the amplifiers on the elements
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with negative resistance possess all properties of re-generative

amplifiers. 'this is completely natural, since the elements with

negative resistance are to circuit with the internal positive

feedback.

For transient response of RC-circuit on tunnel diode it is

possible to write following expression:

A- -

where

2R

Ifn--R+R3 :- CoR', R'. RR,
R + R,

With m>l diagram on tunnel diode is bistable flip-flop, while

when R<1 - a resistance-coupled amplifier.

Page 484.

9.6. AMPLIFIER CIRCUITS ON THE TUNNEL DIODES.

Simplest amplifier circuit on tunnel diode, given in Fig. 9.17,

always cannot be realized for following reasons. For the

stabilization of amplification resistor/resistance R must be less than

R,. As it was already said, the resistor/resistance of spreading

tunnel diode Rs enters into value R.Furthermore, into it enters the

internal resistor/resistance of the source of signal R,. In a number
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of cases even in the absence of the supplementary resistor/resistance

R, sum R8+Ri is more than the modulus/module of negative resistance of

the tunnel diode R..

Therefore in order to ensure stable work of amplifier, it is

necessary to modify its diagram, for example, in the manner that it is

shown in Fig. 9.20a. This diagram is characterized by from the

preceding/previous fact that in parallel to tunnel diode in it stands

back-out resistor R,,,. Fig. 9.20b shows the equivalent schematic of

this amplifier.

In order to clarify action of shunt on properties of tunnel

diode, let us turn to figure 9.21, in which are shown volt-ampere

characteristics of tunnel diode, shunted by resistor/resistance R.

Lower curve corresponds to case Rrnoo, Apresents the initial

volt-ampere characteristic of tunnel diode. Upon the inclusion of

resistor/resistance R,,>RO the form of volt-ampere characteristic

changes.

4
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Fig. 9.20. Parallel amplifier circuit on tunnel diode.

Page 485.

First, it entire/all passes above, since the conductivity of circuit

tunnel diode - shunt is more; in the second place, the

slope/transconductance of the feeding section of characteristic it

decreases, which indicates an increase in negative resistance of

tunnel diode. The latter is easy to explain, on the basis of the fact

that the total resistance of circuit tunnel diode - shunt in the

section with the negative slope/transconductance

-~ P.R;,-- R'o - - R., .

on the modulus/module is more R..

With further decrease of resistor/resistance of shunt sets in

such situation, when total resistance of tunnel diode and shunt goes

to infinity (in this case R.u=Rj). The middle section of volt-ampere

characteristic goes in parallel to the axis of abscissas. In this

section impedance of tunnel diode is approximately equal to the )

resistor/resistance of transition capacitance how they sometimes use

i
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for measuring this capacity/capacitance. If R,.<R,. then on the

volt-ampere characteristic of diode middle section acquires positive

inclination/slope.

I ______
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Fig. 9.21. Effect of back-out resistor on characteristics of tunnel

diode.

Page 486.

Thus, shunting of tunnel diode, used in amplifier circuit,

increases negative resistance of diode and stability of diagram

provides thereby. "This diagram during the investigation can be

brought to the diagram, examined in the preceding/previous section, if

we replace in it the resistor/resistance of tunnel diode -R. on -R'..

System described above is called parallel. Together with it

finds use series circuit of amplifier (fig. 9.22a). In this to

diagram the source of signal, tunnel diode and load

resistance/resistor are connected in series. The equivalent schematic

of this amplifier is shown in Fig. 9.22b. For guaranteeing the stable

operation of this diagram it is necessary that the total resistance

Ri+R,, would be less than R,. This fact to a certain degree limits the
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application of series circuit, which, however, has a series/row of

advantages in comparison with the parallel diagram (with the work in

the compound configurations with the transistors, with the cascade

inclusion, etc.).

Transmission factor of amplifier (here it is examined region of

low frequencies)
R,,

K R,+ n-,--

unlimitedly grows/rises in proportion to approximation/approach of sum

of positive resistors/resistances R,+R,, to R0. The characteristics of

consecutive amplifier are similar to the characteristics of the

amplifier, assembled according to parallel diagram.

Fundamental amplifier circuit with series connection of diode is

given in Fig. 9.23a.
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Fig. 9.22. Series circuit of tunnel diode amplifier.

Page 487.

Another feed circuit of diode and transient circuit, which connects

amplifier with the subsequent cascade/stage, are shown on this diagram

besides the source of signal, tunnel diode and load. Here C,, -

output capacitance of the source of signal, and C,, - the input

capacitance of amplifier is given in Fig. 9.23b. On it the tunnel

diode is replaced with resistor -R0 and capacitance C. (it is assumed

that R < R,).

(
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C'

Ce, rir _ 4 -

b)

Fig. 9.23. Complete electrical circuit of consecutive tunnel diode

amplifier.

Page 488. To [1743 is given the calculation of this diagram and the

following expressions for its frequency and phase response:

ThK, (,u) =_ K. ( + .i + o '

cp (m) -=- arctg wcj, -- ir tr,,), -arct ra ,

and for the region of the lower frequencies

1(11 t ) - / -

1/ 1+----

K.-_
cp () arc-tg , -- ,

where
R RR R, RR, Rai R. (R, - Rj)

S+R. +R.' R,+R' R-R-R

"ta.6 - 2Vf

*%;I P K°., ;=.,,. R , ,,,,
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t 2- R. R,,

Rt- R'C 01 , 3u Co°Ra , ,-- C (R , -+ R,,).

Upper and lower cut-off frequencies of amplifier are determined

as follows:

where 2

Fundamental amplifier circuit with parallel connection of tunnel

diode is given in Fig. 9.24.

Page 489.

The equations of its frequency and phase responses will be recorded as

follows: for the region of the higher frequencies

arc tg wt.;

for the region of the lower frequencies

K.(== K.,

+____

Pn (w)-arc tg

.I
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where

G * Gil ..=r Gil,= - G1, , il--

G, + Gj~ - j, R.+GR

Upper and lower band edges of transmission

F-------------- , * F,1 "- , - .

According to formulas given above it is possible to perform

calculation of amplifiers.

9.7. DISTRIBUTED TUNNEL DIODE AMPLIFIERS.

In the case when amplification of one cascade/stage is

insufficient there appears the need for series connection of

cascades/stages. In connection with diagrams on the tunnel diodes

this question cannot be examined as simply as in the case of applying

the tube, since tunnel diode is two-terminal network; therefore it is

necessary to resort to some special procedures. Fig. 9.25a shows

amplifier circuit on the tunnel diode. Capacity/capacitance of C and

inductance L in the frequency band in question are received as so/such

large that their effect can be disregarded/neglected.



DOC = 88076727 PAGE '

{c4- T #R R1 T

Fig. 9.24. Complete electrical schematic of parallel tunnel diode

amplifier.

Page 490.

Then equivalent amplifier circuit will take the form, shown in Fig.

9.25b. Since further examination is conducted only for the relatively

low frequencies, then capacitance C. of diode is not shown.

Amplification of this cascade/stage

K- R

So that it would be possible to connect in series cascade/stage,

is required to add into diagram one additional tunnel diode, whose

presence does not change value of factor of amplification of diagram

[175). This cascade/stage is shown in Fig. 9.26a, and its equivalent

diagram in Fig. 9.26b. The factor of amplification of this diagram is

the same. The input resistance of the first diagram (Fig. 9.25)

R,*-- R -,,

and of the second (Fig. 9.26) fr - -R, (R- Ro)

R(-R - o

4.m a l i l i
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Fig. 9.25. Amplifier circuit on tunnel diode.

C U

Fig. 9.26. Amplifier circuit with supplementary tunnel-diode.

.)
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Page 491.

It is possible to select - R,, such that in order to I'Lx---R then

R, R R - Pt)

The input resistance of this diagram is equal to load

resistance/resistor. This means that the second diagram can be

utilized as load for the first diagram.

Schematic of multistage amplifier is shown in Fig. 9.27. The

amplification of this diagram is equal K,K2 , where

This diagram can be considered as a transmission line, which

connects the oscillator with a load. Since it consists of elements

with negative resistance, then it creates amplification, but not loss.

Diagram described here can be considered as one of the versions of the

distributed tunnel diode amplifier.

Another type of traveling-wave amplifier [176] (Fig. 9.28) is the

network of filters, which consists of A sections.

* (

' I
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Fig. 9.27. Schematic diagram of multistage tunnel diode amplifier.

Fig. 9.28. Amplifier circuit of traveling wave on tunnel diodes.

Page 492.

Each of the sections is equivalent to the section of the long line, at

end/lead of which is included/switched on tunnel diode, i.e., the

parallel connection of negative resistance. -R. and capacitance C..

Let the section of long line with the wave impedance p be loaded to

the parallel connection of resistances -R, and R,. In this case total

resistance at the end/lead of the line

R- R,,R,,
W. R.

If R-p, then the line will be matched. In this case for

satisfaction of matching conditions it is necessary that R,, would be

)less p.

.j
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In order to attain agreement in presence of capacity/capacitance,

it is necessary from section of long line to pass to its equivalent,

since this is shown in Fig. 9.29. In this case the

capacity/capacitance of the tunnel diode C, must be equal to

capacity/capacitance of C/2, which loads line. The critical frequency

of line Fz, and capacity/capacitance of C, determine the

characteristic impedance

c n V

whence

P = I

Resistance/resistor of load Rj, can be input resistance of second

cascade/stage p,. The wave impedance of the second cascade/stage must

be lower than the characteristic impedance of the first cascade/stage

so that the condition for agreement would be satisfied. Analogously

still several cascades/stages can be added to the diagram.

I
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Fig. 9.29. Equivalent schematic diagram of section of traveling-wave

amplifier on tunnel diodes.

Page 493.

The latter of them is loaded to the resistance/resistor of load Ru.

The Nth cascade proves to be loaded on its characteristic impedance,

if

I I V_

Critical frequency of line

L, C, n V 1.,C 2  " - kV C.V

Since line will agree in limits of passband, voltage

amplification factor is equal to one. However, the power gain of more

than one due to the decrease of resistor/resistance is determined by

the relationship/ratio

R.1

)Is described also traveling-wave amplifier [177] with narrow
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track diode, arranged/located along axis of strip line, and with two

absorbing loads at certain distance the it (Fig. 9.30).

(i
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Fig. 9.30. Diagrammatic representation of traveling-wave amplifier,

made on distributed tunnel diode.

Key: (1). Tunnel diode. (2). Absorbing load.

Page 494.

In this system are propagated the waves of the type TE, whose phase

rate is lower than the speed of light as a result of the capacitive

load of track tunnel diode. For these waves magnetic and electric

fields in the direction, perpendicular to the band, attenuate

exponentially and proportional to frequency. Therefore two absorbing

loads have considerable conductivity for all low-frequency

oscillations (including for the direct current), without exerting a

substantial influence on the high-frequency fields. The difficulty of

the realization of this system consists in the fact that it amplifies

in both directions. Weak mismatches in the line are the sources of

standing waves and if amplification is great, generation begins. On

the strength of the fact that negative resistance operates at all )
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frequencies, the problem of the agreement of the input and output over

a wide range of frequencies virtually hardly it is feasible.

(i
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Fig. 9.31. Design of traveling-wave amplifier on distributed tunnel

diode.

Key: (1). Ferrite attenuator. (2). Tunnel diode. (3). Absorbing

load.

Page 495.

For eliminating generation in the traveling-wave amplifier

combined system, which includes distributed tunnel diode and

nonreciprocal ferrite attenuator [177], was proposed. This system

amplifies the signals which pass in one direction,

weakening/attenuating them in the other direction. In the

device/equipment there are thin ferrite plates located along both

sides from the narrow track diode. The permanent magnet, on which is

arranged/located this device/equipment, creates in the ferrite

nonuniform field, strong near the axis and weaker on the edges of

strip line. Therefore the frequency of ferromagnetic resonance
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decreases in proportion to removal/distance from the axis, which

retains the nonreciprocal properties of ferrite medium in the very

broadband (Fig. 9.31).

9.8. Amplification of pulses in the diagrams on the tubes with the

secondary emission. Pulse feed of amplifiers.

Let us examine possibilities of use for amplifying pulses of

short duration of usual diagrams on tubes with secondary emission and

pulse feed of amplifiers.

One of amplifier circuits on tube with secondary emission is

given in Fig. 9.32 [40].
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Fig. 9.32. Amplifier circuit of traveling wave on tubes with

secondary emission.

Key: (1). Matching resistance. (2). Output. (3). Input.

Page 496.

Amplifier was made on tubes EFP-60, whose cut-off frequency,

determined only taking into account interelectrode capacitances, was

equal to 225 MHz. The intertube connection was the low-pass filter,

formed by elements L and C. The role of capacitances C/2 was

fulfilled by the input and output capacitances of the tubes.

Resistors R, were equal to the characteristic impedance of filter

In this case the quadrupole in the sufficiently wide frequency

band presented for the anode circuit of tube resistor/resistance

2. In the anode circuit of tube was switched on

resistor/resistance R and sufficiently large inductance L,. Four

cascades/stages of this amplifier gave the voltage amplification,
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equal to 500 (i.e. on 4.7 to the cascade/stage). The passband of

amplifier was from 10 kHz to 50 MHz, which corresponded to the cut-off

frequency of one cascade/stage, equal to 240 MHz. (This value is

somewhat higher than the cut-off frequency of the tube because the

action of interelectrode capacitances is partially compensated by the

action of the inductance of filter).

In certain cases, for increasing the mutual conductance of tubes

pulse feed is used. The increase of anode current makes it possible

to obtain the large amplitude of output voltage with the same

resistor/resistance of plate load. The schematics of such amplifiers

are given in Fig. 9.33 and 9.34 [178]. In these amplifiers were

utilized tubes 6Zh22P and 6VlP with mutual conductance in the usual

mode of approximately 30 mA/V. With the pulse feed of tube 6Zh22P

(Ea=E,=450 V, voltage on the space-charge grid is 150 V) its

transconductance grew to 80-90 mA/V. With the pulse feed of tube 6VlP

(Ea1000 V, E:,=800 V, Ej,=250 V) the slope/transconductance of tube

reached 100-120 mA/V. In both cases the cutoff voltage of tube was

5-6 V. The pulse responses of tubes 6Zh22P and 6VlP are given in Fig.

9.35. The application of tubes with the secondary emission is

convenient when on the output there must be symmetrical voltage; in

this case output signal is removed/taken from anode and diode of tube.

Page 497.

Increase in anode current and slope/transconductance of grid

characteristic made it possible to obtain high amplification factor
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with diphenyl chloride low resistance/resistors of load (30-150 ohms)

which provided required broad-band character of amplification.

In amplifier, whose schematic is given in Fig. 9.33,

voltages/stresses on anodes and screen grids of tubes are constant and

are equal to 450 V. In the absence of voltage on the space-charge

grid of tube 6Zh22P its anode current is virtually equal to zero.

Operating conditions of tube is installed by supply to the

space-charge grid of positive pulse with a duration of 0.6 gs and with

an amplitude of 150 V. This pulse is removed/taken from the cathode

follower L,. With the opening of one of the tubes of amplifier on its

plate load there is isolated negative pulse - pedestal, which

corresponds to the pulse of feed. The amplitude of pedestal can reach

100 V.
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With the series connection of several amplifier stages the

compensation for the pedestal, which enters together with the signal

the grid of the following tube, is necessary. Compensation is

realized by supply from the adjustable divider of the part of the

positive voltage, which enters the space-charge grid.

Circuit of compensating divider with resulting value of

resistor/resistance of 75 ohms is the load of the first cascade/stage.

The output stage is loaded to coaxial cable with a wave impedance of

150 ohms. Amplifier has a factor of amplification by 60 and a time of
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the establishment of transient response 3 ns. Maximum signal

*amplitude at the output is 50 V.

In the second amplifier (Fig. 9.34) the circuit of divider with

cathode follower is load of first tube.
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Fig. 9.34. Second amplifier circuit with pulse feed.

Key: (1). kV. (2). V. (3). to deflector plates.

Page 499.

Simultaneously this circuit fulfills the following functions: 1)

triggers that preliminarily closed on control electrode of tube L.; 2)

compensate the negative pedestal, which enters from the anode of tube

L,, the grid of tube L,; 3) realize a selection of operating point on

the grid of tube L, in accordance with the polarity of the amplified

signal.

i, ' .. -=--
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Fig. 9.35. Pulse responses of tubes 6VIP and 6Zh22P.

Key: (1). V.

Fig. 9.36. Amplifier circuit with pulse feed as an attachment to

osci llogoraphg

Key: (1).• V.

Page 500.

, The equivalent load resistor/resistance of this circuit with respect

I _ ___
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to the tube L. is equal to 100 ohms. The factor of amplification of

diagram is equal to 150 with the maximum voltage 160 V. Amplifiers

worked stably and stably at the pulse repetition rate with 1 kHz.

Amplifier circuit with pulse feed on tubes 6P15P is shown in Fig.

9.36 [179]. One amplifier stage on this tube during the supplying to

its grid of the voltage pulses with an amplitude of 800 V with Ea= kV

gives amplification factor by 3.2, allotting on the load, to the equal

to 75 ohms, pulses with the amplitude of 50 V. The time of the

establishment of pulses is approximately 2 ns. The three-stage

amplifier given in the figure has an amplification factor equal to 30,

with the time of the establishment of pulses, which does not exceed 3

ns, when ?,,=75 ohm the amplitude of output voltage is 50 V, but when

R,,= 150 ohm amplitude rises to 90-100 V. In the second case the

amplification factor attains 55-60, and the time of establishment

increases to 4 ns.

Amplifiers, intended as attachments to oscillographs, were

described also into [180]. With the amplification factor by 10-15

these amplifiers provided output voltage into several hundred volts in

the band to 200 MHz. In the amplifiers the tubes with the

space-charge grid, with the secondary emission in the pulsed operation

of feed were utilized.

Thus, application of pulse feed of tubes with large

slope/transconductance makes it possible to carry out necessary



DOC 88076728 PAGE

undistorted amplification of pulses sufficiently short duration.

Amplifier circuits with the pulse feed contain, as a rule, fewer tubes

than the amplifier circuits of the traveling wave, and require less

than the power from power supplies; however, one overall serious

deficiency is inherent in these diagrams: they cannot work at the

very high pulse repetition rate, since this leads to th excessive

boosting of the mode of tubes.
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Page 501.

CHAPTER TEN.

OSCILLOGRAPHY OF PULSES.

10.1. Specific character and methods of oscillography of nanosecond

pulses.

Oscillography of nanosecond pulses has series/row of specific

moments characteristic for general problem of precise measurement of

time and investigation of processes of very short duration. The

problem of the investigation of single short-term processes is most

difficult. The methods of the solution of this problem are examined

by the so-called temporary/time microscopy (high-speed/high-velocity

oscillography, super high-speed cinemotagraphy, optical and

electron-optic chronography).

Time microscopy in its improvement is encountered with existence

of fundamental limit of time resolution, which under practical

conditions for analysis of single processes is 10-14 s [181]. The

presence of the limit of physical time resolution corresponds to the

known quantum-mechanical uncertainty principle. During the

investigation of the periodically repeating short-term processes in a

number of cases it is possible to achieve the higher threshold of time

resolution.

In the case of high-speed/high- velocity oscillography presence
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of limit of time resolution is caused mainly by fact that all real

systems, intended for transmission of fast signal and its time sweep,

have limited passband of frequencies. It is known from the spectral

analysis that for the system with the frequency of transmission Af the

time resolution cannot be better than At, determined by the ratio

AfAt=const.
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This constraint of temporary/time resolution is associated with

distortions in circuit of signal of oscillographs. Furthermore in the

oscillographs of nanosecond range occur other reasons for the

limitation of resolution. Supplementary limitations in the

resolution, connected with the difficulties of obtaining the

sufficiently bright image on the screen/shield of oscilloscope tube,

appear with the oscillography of single pulses. During recording of

periodic pulses in connection with very high scanning speeds, in turn,

it is necessary to surmount difficulty, connected with obtaining of

the high stability of the temporary situation of pulse on tube face.

Oscillography of nanosecond pulses is at present realized by two

methods. The first method (high-speed/high-velocity oscillography) is

used already long ago during recording of single very short-term

processes of (1821. Here with the aid of the'wide-band cathode-ray

tube of low sensitivity and high-speed scanning there is observed the

oscillogram of the phenomenon being investigated.

C-mm~ m mmmm m m m m m - - -
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With the development of nanosecond pulse technology high- speed

oscillographs with higher sensitivity with wide passband were

required. The application of new oscilloscope tubes and wideband

amplifiers became necessary. Since it was necessary to record

short-term phenomena both single and periodically repeating, then the

need for the development of high-speed scannings with high stability

of the parameters arose.

With oscillography of pulses with small amplitudes in the case of

application for this of amplifiers of circuit of signal, it is

necessary to simultaneously ensure their broad-band character with

high amplification factor. However, the greatest broad-band character

is usually reached by the value-of gain reduction. Therefore for

observing the pulses by the duration of the order of nanosecond are

used high-speed/high-velocity oscillographs without the amplifiers,

but the using special oscilloscope tubes with the deflection system of

the type of the traveling wave (TBV).
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Such tubes are sufficiently wide-band (to 3-5 GHz) and have the

increased sensitivity (from 0.5 V to 0.05 V to the line of ray/beam).

Recording nanosecond pulses with an amplitude less than 0.1 V with the

aid of the high-speed/high-velocity oscillographs proves to be still

impossible due to the absence of qualitative amplifiers. In these

cases another method of oscillography is used.

-(m u m m n n. - w -

Mu~mmun
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Second method of oscillography of nanosecond pulses is based on

stroboscopic principle of observation of periodic processes of [183].

On the screen/shield of usual oscilloscope tube is here observed not

most process being investigated directly, but its image formed by the

individual sections (points) of its oscillogram. In such

oscillographs with the aid of the special strobe pulses of very short

duration and schematic of converter periodically are examined/scanned

the individual sections of the pulse being investigated. The sections

of the pulse chosen after converter are expanded and through the

amplifier enter the oscilloscope tube, where, being arranged/located

in the specific sequence and at the necessary level, the image of

pulse is formed.

Since here pulses of nanosecond duration, which have very small

amplitude, first are converted, and then only after expansion are

amplified, then passband of amplifier can be narrow, but amplification

factor by large. As a result the sensitivity of stroboscopic

oscillographs proves to be high (to 1 mV/cm) with a sufficient

effective passband of instrument. However, stroboscopic method is

applicable to the investigations of periodic processes, but it does

not make it possible to record single pulses.

As is evident, both methods supplement each other, expanding

possibilities of oscillography of nanosecond pulses.
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10.2. Special features of high-speed oscillography Resolution.

Block diagram of oscillograph.

Block diagram of oscillograph is given in Fig. 10.1. Scanning of

the oscillograph here is preliminarily started, and then enters the

pulse being investigated directly on the deflection system of tube.

Starting system provides the synchronization of the moments/torques of

the beginning of scanning/sweep, illumination of the ray/beam of

oscilloscope tube and signal arrival from the calibrator. During

recording of single pulses appears the need for the starting of

scanning by the same pulse (input key in position 2). Pulse supplies

to the deflection system of the tube through the cable of delay.

Delay factor is determined by triggering time of the trigger circuit

and scanning/sweep.

For obtaining of high temporary/time resolution in

high-speed/high-velocity oscillographs are utilized transmission

systems of pulses, cathode-ray tubes, which are characterized by large

broad-band character, and scannings/sweeps, characterized by high rate

and high stability of parameters.

At high scanning speed, which reaches in contemporary

oscillographs 2.1010 cm/s, problem of synchronization of work of

separate units of oscillograph, which especially records periodic

pulses, proves to be fairly complicated. Thus, the requirements of

high scanning speed, broad-band character of the circuit of signal and )
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very rigid synchronization of the work of units are characteristic for
the high-speed/high-velocity oscillographs.

(I

at
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Fig. 10.1. Block diagram of oscillograph: 1 - trigger circuit; 2 -

sweep oscillator; 3 - diagram of illumination of ray/beam; 4 -

calibrator; 5 - cable of delay.

Key: (1). the input pulse of synchronization. (2). input of

signal.
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Graphic beam velocity.

High scanning speed, i.e., rate of displacement of electron beam

over horizontal, together with considerable rate of change in value of

signal, leads to very high graphic rate.

Graphic beam velocity, understood as linear velocity of

displacement of ray/beam during recording of process being

investigated, in this case can reach values, close to speed of light.

In the case of recording harmonic oscillation

y zAsin 274t;
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maximum speed of change in value y is determined by expression

VY.U = ' = 2A,.J
di t=0

Maximum graphic rate Vrma,cc is estimated by the expression which

considers also horizontal speed (scanning speed)

Vrmaa~c

Recording (under condition of sufficient intensity of the glow of

tube face) oscillations with frequency of more than 3000 MHz is

possible at the above-indicated scanning speed. If in this case the

amplitude of oscillations on the screen/shield is more than 1 cm, then

the graphic r~te is close to the speed of light.

In the case of recording video pulse graphic rate is determined

by expression

v.v VXV,

where vx and vv- respectively rate of displacement of ray/beam over

horizontal and vertical axes.

This expression it is possible to record in more detail, if we

obtain value for rate v,.
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Let a - sensitivity of cathode-ray tube
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where Ay - path, passed by ray/beam in direction of y axis with change

in voltage of pulse on value AUy-

Then for rate vi, we obtain

If At-0, then relation AUlt represents differential value of

slope/transconductance of building-up Si at the particular point (at

the given instant on the tube face. Then rate vu will be

Graphic rate in the case of recording video pulse will be

expressed

Vr v2

Maximum graphic rate will occur at points, which correspond to

front and shear/section of recorded pulse, when slope/transconductance

reaches maximum.

However, due to insufficient broad-band character of deflection

system it is necessary to consider time of establishment of transient

processes in it. This reduces graphic rate and, consequently, also

the resolution of oscillograph. Knowing the slope/transconductance of
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the transient response of the circuit of signal S., let us find

impulse steepness on the screen/shield of oscilloscope tube SRUX, if

the slope/transconductance of the pulse Sm being investigated.
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Using the known relationship/ratio between the slope/transconductance

of input and output pulses for linear system [184]

I

we will obtain for'the actual value of graphic rate the expression

-_ ivL+ l S2 +) S. T -. )d J', (10.1)

where Suand S they are examined for current time

here t - time, for which is determined the value of graphic rate.

Increase in recording speed is conjugated/combined with sharp

reduction in the brightness of glow of tube face. During recording of

the intermittent processes it is necessary to use measures for an

increase in image brightness due to an increase in accelerating

voltage in the cathode-ray tube. However, from an increase in

accelerating voltage considerably falls the sensitivity of tube,

which, in turn, requires the appropriate increase in the voltage of

signal and scanning/sweep. To a certain extent to an improvement in

the sensitivity contributes the application in the tubes of

supplementary accelerating voltage, which affects the electron beam
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after it will pass the deflection system (postacceleration). Tubes

with the system of postacceleration give the possibility to record

periodic pulses with the duration of the order of nanosecond at a

small repetition-frequency and single - with the increased voltage of

postacceleration.

Passband of the circuit of signal.

Graphic beam velocity and resolution of oscillograph, as noted,

are limited to insufficient broad-band character of circuit of signal.

If we in the oscillograph use tubes with the usual deflection systems

in the form of plates, then for an increase in the broad-band

character the dimensions of the plates, and also capacitance vaIue and

inductance of introductions/inputs must be lowered to the minimum.

The equivalent circuit, which corresponds to the deflection system of

usual type tube, is given in Fig. 10.2.. Here R is the total external

resistance, including the sweep oscillator.
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If to the deflector plates there is fed pulse in the form of a drop in

the voltage with an amplitude of U, then voltage on the plates can be

represented in the following form (with R<2p, where p - circuit

characteristic impedance):

S= U I e-' -sin at cos&1

where a=R/2L and =(IlLC-R1/4L'-)a.

In practical cases value R is selected by such that voltage on

deflector plates would have shortest rise time without noticeable

overshoots at pulse apex in comparison with input pulse. This

condition satisfies ratio a/6=1, in this case the overshoot comprises

not more than 4% [3]. For the resistance we have

Using the expression for frequencies in this circuit, let us

record that resistance

R- _ .22 (10.2)

This relation makes it possible to determine value of

resistor/resistance R at known capacitance C and frequency f., found

for the specific cathode-ray tube. Using the selected attenuation

length, it is possible to find the voltage on the plates

u = U I i __:-,c (cos f/RC + sin t/RC)J,

i
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since the equality
8=R12L =I/IRC

is fulfilled in this case*At the moment/torque, when u-U occurs the

relationship/ratio

cos t/RC + sin t/RC =z 0

and, therefore,

Mt RC -= _3RC. (10.3)

Page 509.

Thus, it is possible to raCe/estimate duration of pulse edge on

tube face, which depends on parameter of circuit of deflection system.

Even in the case, when tube has outputs of deflection system,

installed directly into glass of flask/bulb (which reduces parasitic

parameters), passband of deflection system is limited by frequency on

the order of 150-200 MHz. The deflection system, made in the form of

the simplest line of transmission is wider-band (Fig. 10.3).

Investigated pulse through cable with matched load is

fed/conducted from the input side to line, and on the other side line

it is closed on the effective resistance, equal to line

characteristic. This deflection system have tubes of the type

13LO101M, 10L0101M, which found use in high- speed/high-velocity

oscillographs [185, 186]. With a good agreement of the deflection

I " ~~dmm ~
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system with the load its passband proves to be about 1000 MHz.

Wider-band is coaxial type deflection system (Fig. 10.4) (187].

In the external conductor of line is opening/aperture, also, above it

a comparatively narrow cross connection. Between this cross

connection and opening/aperture in the external conductor is passed

the electron beam, on which there acts the field of signal. The cable

is connected at the input and output of the line. The end/lead of the

output cable is loaded to the effective resistance, equal to the wave

impedance of cable.

It
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Fig. 10.2. Fig. 10.3.

Fig. 10.2. Equivalent schematic of condenser/capacitor type simplest

deflection system.

Fig. 10.3. Deflection system in the form of two-wire circuit.

Key: (1). Input.
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This design is advisable with the oscillography of the high- voltage

pulses, when the low sensitivity of system is necessary. Broad-band

character is here limited to a certain heterogeneity of the field of

coaxial system in the area of opening/aperture, and also to possible

reflections at junction of cable, which supplies pulse, with the

deflection system. The passband of entire system can reach several

gigahertz.

Widest-band deflection system for high-voltage oscillographs can

be system, formed by coaxial cable (Fig. 10.5). Here the coaxial

cable, which supplies the pulse, is simultaneously the coaxial

deflection system. For this it passes through the special

opening/aperture to the neck of oscilloscope tube. In the center
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section of the tube the external conductor of cable has

opening/aperture and metallic cross connection above it. Cross

connection is arranged/located within the tube, but has contact with

the external conductor of cable. As in the preceding/previous system

electron beam is passed under the cross connection above the

opening/aperture to the external conductor of cable. The broad-band

character of this system, apparently, can be close to 10 GHz, since

heterogeneities at the input of the system are here excluded.

In oscillographs of increased sensitivity are utilized

cathode-ray tubes with deflection system of type of traveling wave

(TBV).

.)
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Fig. 10.4. Fig. 10.5.

Fig. 10.4. Coaxial type deflection system.

Key: (1). Electron beam.

Fig. 10.5. Deflection system with coaxial cable: 1 - flask; 2 -

external conductor; 3 - cross connection; 4- electron beam; 5 -

internal conductor.
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In this system (Fig. 10.6) the electron beam is passed between the

grounded plate and the deflecting element, as which is utilized the

spiral, prepared from the metallic tape and which has the semicircular

form (with the flat/plane side). Spiral is surrounded by the

screen/shield of the same form, the flat/plane side of screen/shield

playing the role of the grounded plate. Spiral has constant width,

the distance between the spiral and the screen/shield is also

constant; this deflection system operates as the line of distributed

type transmission. The sizes/dimensions of spiral are selected by

such, that the phase signal velocity along its axis is equal to the

rate of electron beam and remains constant.
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In high-speed/high-velocity oscillographs widely is used Soviet

tube of type 13L0102M, bandwidth of which is more than 3 GHz [186].

The broad-band character of system of TBV is limited to the dispersive

properties of helix and to the heterogeneities of transition/junction

from the spiral .to coaxial cable.

For increasing the sensitivity of tubes of such type double-helix

systems [188) are utilized. The signal through the wide-band phase

splitter (phase inverter) being investigated in the antiphase is

supplied simultaneously to two identical deflection systems of the

type of the traveling wave. As a result of paraphase divergence the

sensitivity of tube grows/rises two times. These tubes have a

sensitivity to 0.03 V to the line.

In wide-band oscilloscope tubes with deflection system of coaxial

type and TBV resulting passband of circuit of signal affect

heterogeneities of circuit.

)
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Fig. 10.6. Deflection system of type of traveling wave: 1 - plate of

screen/shield; 2 - strip/tape spiral; 3 - coaxial output.

Key: (1). Electron beam. (2). input. (3). output.
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These heterogeneities occur in coaxial pairs and in the places of

transition/junction from the helix to the coaxial (for TBV). As it

was noted in chapter I and 2, in the presence of heterogeneity in the

line is created a certain reactance, which limits the broad-band

character of system, which causes the distortion of the pulses being

investigated. In connection with this important value the

construction/design and the quality of the execution of coaxial pairs

have at the input of the deflection system of tube. The difficulty of

obtaining qualitative coaxial pairs usually appears at frequencies of

3-5 GHz.

Deflection systems of coaxial type and TBV must be coordinated on

wave impedance with their termination. Poor agreement also leads to

the distortion of the signal being investigated. These distortions

are noticeable with the oscillography of comparatively long pulses and

especially during the investigation of stationary processes (for

example, oscillations of SBCh).
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With the oscillography of very short-term pulses with use of very

high speed scannings/sweeps signals reflected from load can appear

after termination of pulse being investigated, without having

distorted its form, or prove to be entirely out of interval of

scanning/sweep. Therefore to rate/estimate the broad-band character

of such tubes with the aid of the frequency characteristics of the

deflection systems, taken/removed under the conditions of steady

state, is inexpedient. This evaluation/estimate must be conducted

according to the pulse transient responses, taken/removed with the aid

of the very short-term sounding pulses (see Chapter 11).

Resulting broad-band character of circuit of signal is determined

not only passband of deflection system of tube, but also by broad-band

character of cable, which supplies pulse being investigated. In a

number of cases the length of this cable proves to be considerable.

In the oscillographs, intended foi recording the single pulses, the

onset of which cannot be synchronized since the beginning of the

starting/launching of sweep oscillator, it is necessary to use the

cable of delay (Fig. 10.1). The length of the cable segment in this

case reaches several ten meters.
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In Chapter 1 the transient and frequency characteristics of coaxial

cable are examined. On them it is possible to rate/estimate the )
broad-band character of the segment of the cable of the assigned
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length and to determine the time of the establishment of transient

processes in it.

Effect of the electron transit time.

Second reason for distortion of form of pulse being investigated

and limitation of resolution of high-speed/high-velocity oscillograph

is transit time effect of electrons in field of deflection system of

tube.

If it is electronic during electron transit time along deflector

plates of usual - beam/radiation tube voltage on plates substantially

changes, then phenomenon being investigated will be distorted on tube

face. With the oscillography of the pulses, which have the duration

of the order of several nanoseconds, the deflecting voltage on the

plates changes for the time of 10-1-10 -10 s. In the usual cathode-ray

tubes, used in the oscillographs for the investigation of microsecond

pulses, the electron transit time through the deflection system is

10'-10-' s. Consequently, such cathode-ray tubes cannot reproduce

the pulses of nanosecond range without distortions.

Let us examine the character of distortion of sine voltage of

high frequency, caused by effect of electron transit time. For the

electron in the uniform field of the plates of the deflection system

(Fig. 10.7) occurs the equation
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where m, e - mass and electron charge;

a - distance between the plates.

d)
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Fig. 10.7. Graph of displacement of the beam by deflector plates.
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Then for the rate at which there are deflected electrons under

the action of field u/a, where u - voltage on deflector plates, we

obtain expression
t *I

Y!L dt, (10.4)

where 4. - electron transit time through deflection system.

With small divergences of electrons, replacing tangent of angle

of deflection of ray/beam directly with value of angle itself, we will

obtain following expression for amount of deflection:

g.

a""V A, (10.5)

U

where v. - longitudinal velocity of electron, determined by value of

accelerating voltage of cathode-ray tube.

With sinusoidal deflecting voltage u-U sin wt expression (10.5)

takes form (182, 1843
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YO 7.U sin W t-')[61 1 (10.6)
2. 2

where o - coefficient, which determines static sensibility of

cathode-ray tube, which is equal to

Inav,

here I. - length of deflector plates.

The relation which stands in brackets (10.6), depends on

frequency of recorded vibrations, sizes/dimensions of plates and rate

of electrons
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It determines the degree of the distortion of the amplitude of the

recorded oscillations under the given conditions. Therefore let us

introduce the value of the dynamic sensitiveness

sin ca .,

o- - 2 (10.7)

With values 0)', __2,t. (where n - whole number) dynamic

sensitiveness of oscillograph is equal to zero, while at frequencies

2-n

it reaches maximums. In addition to this, as can be seen from (10.6),

appears supplementary phase displacement to value (,t./2. 0s a result )
amplitude and phase distortions appear. In other words, the
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limitation of the effective passband of the circuit of the signal of

oscillograph occurs due to the effect of the electron transit time.

If we count off passband at level 3 dB, then from (10.7) we will

obtain
sin

t- -=(),707,

whence for the passband we have

Af ,.45 (10.8)

If deflecting voltage takes form of ideal drop/jump with

amplitude of U, then formula (10.5) of signs form

S(10.9)

i.e., beam deflection grows/rises in the course of time and pulse edge

is linearly made by flat. At the moment of time t=t,,, when electrons

emerge from space between the deflector plates, their divergence is

equal

but the time of drop is final and is equal to 1, (Fig. 10.8).
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If voltage, subject on plates, linearly increase, i.e.,

h () kt,
( the beam deflection is proportional
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k~t2

(10.10)

where 0<1<tu.

Character of distortion of form of voltage in this case is shown

on Fig. 10.9. Of up to moment t' the voltage increases according to

the parabolic law, and then changes according to the linear,

corresponding law of a change in the subject to the plates of sweep

voltage. The value of error in the beam deflection is proportional to

rate of voltage rise. At the moment of the output of electrons from

the space between the deflector plates a difference in the assigned

and recorded voltage will be equal to ok/2.

mimmmmu n i m m B i m i • i i n u m )
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Fig. 10.8. Fig. 10.9.

Fig. 10.8. Ideal drop in voltage (a) and caused by it displacement of

the beam taking into account the effect of electron transit time (b).

Fig. 10.9. Distortions of linearly increasing voltage: 1 - voltage

on input; 2 - recorded voltage taking into account effect of electron

transit time; 3 - recorded voltage taking into account limitation of

passband of deflection system and effect of electron transit time.
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With an increase in the accelerating voltage used in the cathode-

ray tube, there increases longitudinal velocity of electrons in beam

v., and, consequently, electron transit time tn decreases.Thus, with

an increase in accelerating voltage increases the frequency of the

vibrations, recorded with error aY/. If at the input of usual type

deflection system operates the linearly changing voltage

Key: (1). with.

f and
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u=kt npu t > 0,

Key: (1). with.

that, using the equivalent circuit diagram of the deflection system of

tube (Fig. 10.2), it is possible to obtain the following expression

for the voltage, which operates on the deflector plates:

u=k I-RCe' (C L-Is RCcos

If value R is selected close to critical resistor/resistance,

then the expression for voltage takes form

u==kjt-RC0 _! - 1 I -' CcOS i/RC)]. (10.11)

through deflection system, it is necessary to use expression (10.5).

After substituting value of u from expression (10.11) into formula

(10.5) and after producing integration, we will obtain for diverging

the electron beam

am* 2 RC 22 1 kC R OIx Uj

Form of voltage on screen/shield of oscilloscope tube for the

present instance is depicted as curve 3 in Fig. 10.9.

For decreasing the electron transit time in tubes with usual )
deflection systems are used plates of small length and high rate of
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electron motion (accelerating voltage several kilovolts). In this

case simultaneously grows/rises the broad-band character of tube due

to the decrease of the capacity/capacitance of plates and decrease of

the inductance of the introductions/inputs, which are

derived/concluded through the glass of flask/bulb.
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The sensitivity of such tubes is small. This deficiency to the

certain degree is removed due to the decrease of the diameter of

electron beam to such size/dimension, that on tube face is obtained

the spot by the width only about 0.01 mm [189]. The image of the

oscillogram on the screen/shield proves to be very small and it is

necessary to examine it with the aid of the special microscope.

In oscilloscope tubes with coaxial deflection system of low

sensitivity electron transit time is determined by width of cross

connection (Fig. 10.4) and by velocity of electrons. Time of flight

here decreases to the value of 0.05-0.01 ns by applying of high

accelerating voltages and decrease of sizes of the powered phases of

the deflection systems.

In oscilloscope tubes of type of traveling wave dynamic

sensitiveness is determined by expression [186]

I s i I (10.12)' , - .
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where o - static sensibility, I - length of circuit, v. - velocity of

electrons, v,,, - phase signal velocity in circuit. Under condition

vo=vd this sensitivity is maximum and does not depend on frequency.

However, the real circuits have a dispersion and therefore condition

vo=v* can be made only at one frequency wo. At other frequencies the

sensitivity a,, is somewhat lower, i.e., the action of the effect of

the flight of the electrons is developed, and, true, here it is many

times less than in the standard tubes.

Therefore, for tubes of TBV important is the selection of such

accelerating voltage when the condition vo=vO is satisfied at that

frequency, at which passband of tube proves to be greatest.
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The broad-band character of system TBV, determined by the effect of

the flight/span of electrons, is evaluated according to cut-off

frequency ur,,. at which ,j((.,)=0,707, and the time of establishment is

approximately equal to 1, Thus, knowing the dispersive

characteristic of circuit Vg,,) and using formula (10.12), it is

possible to find wr, and then t.

Resolution of oscillograph and minimally permissible duration of the

pulse being investigated.

If we are not concerned about distortions in circuit of signal,

then the time resolution of oscillograph can be determined through
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scanning speed .. and width of line of electron beam on screen/shield

d:

This potential temporary/time resolution with contemporary

cathode-ray tubes with high-quality focusing systems, which make it

possible to obtain beam width d of less than 0.1 mm, and at scanning

speed, close to speed of light, proves to be order 10-12-10 -13 S.

However, with the oscillography of the repeating pulses, the observed

on the screen/shield (dynamic) beam width is determined not only by

the construction/design of cathode-ray tube and by the quality of the

focusing system. At scanning speeds, close to the speed of light,

even the very small temporary/time instability of the oscillograms of

the repeating pulses leads to a considerable increase in the width of

the line of ray/beam on the screen/shield (chattering of image) [190,

191J.

If temporary/time instability of scanning/sweep is equal to At,,

then dynamic beam width on screen/shield, expressed in units of time,

will be

Furthermore, most important reason, which decreases

temporary/time resolution of oscillograph, is finite time of

establishment of transient processes in circuit of signal of
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oscillograph.
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In the general case it is possible to rate/estimate the resulting time

of the establishment of the circuit of the signal of

high-speed/high-velocity oscillograph if known the time of

establishment in coaxial cable, which supplies the pulse t-. being

investigated the time of the establishment of voltage in the

deflection system of oscilloscope tube ty2 and the electron transit

time in the field of deflection system tn. Since all enumerated factors

affect the period of establishment in the circuit of signal

independently, the resulting time of establishment can be evaluated by

the expression

S/ t~,, + 12.+ .

Knowing time of establishment of circuit of signal and dynamic

beam width, it is possible to rate/estimate minimum duration of image

of pulse on oscilloscope face. Thus, in the case of the oscillography

of square pulse with the gradual decrease of its duration the form of

the obtained on the screen/shield image will increasingly more differ

from rectangular, approaching a pulse of the type front - through, to

close one in the form to the triangular. The duration of this pulse,

measured at the level of half of its amplitude and equal to

A-t, , (10.13)

can characterize the resolution of oscillograph.
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For increasing time resolution, thus, it is necessary to decrease

time of establishment of transient processes of circuit of signal ty

and to raise stability of scanning/sweep, i.e., to decrease At,.

For decreasing time of establishment t, it is necessary to

utilize small sections/segments of most adequate/approaching coaxial

cables (see Chapter 1), to use oscilloscope tubes with very wide-band

deflection systems (coaxial type'and TBV) and with minimum electron

transit time. The time of establishment ty in the cable with a length

of I m can be 0.02 ns. Coaxial type widest-band deflection systems

and best samples of systems of TBV have the time of establishment of

0.025-0.08 ns. The electron transit time succeeds in decreasing to

0.05-0.02 ns.
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The value of the instability of the channel of scanning/sweep At, in

the developed very high speed oscillographs is reduced to 'he value of

0.015 ns (187, 191]. Therefore in the best cases value At proves to

be approximately equal to 0.06 ns.

With oscillography of single pulses is eliminated need for

considering instability of scanning/sweep, i.e., bt,-0 and therefore

At.,-Ali=10 -4 ns. However, in this case in the circuit of signal

usually it is necessary to use the cable of delay with a length of 10

m and more. Therefore, value t., proves to be more than 0.15 ns that
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the resolution of oscillograph is decreased.

Evaluation/estimate of minimum permissible duration of pulse,

which can be reproduced on oscillogaph with accuracy assigned in

duration is of interest. Due to finite time of the establishment of

the circuit of signal the duration of the front of the signal being

investigated, which has at the input duration t,,. increases by value

2,+ t.-2 ,

For right-angled pulse t, =0 and At4-= t... Total increment in the

duration of square pulse t,, is equal to ati,-A-I=t---At. If the

permissible error in the reproduction of pulse in the duration V,

expressed in the percentages is assigned, then

-t100, .o .t.
'U -

Permissible minimum duration of square pulse, reproduced by

oscillograph with accuracy in duration Y

hence there is determined.

Consequently, an increase in the time resolution of high-speed

oscillographs is connected not only with expansion of passband of

circuit of signal, but also with increase in stability of functioning

electronic circuits of channel 6f scanning/sweep.
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During development of high-speed/high-velocity oscillographs

selection of type of cathode-ray tube and minimum sweep length is

determined by assigned temporary/time resolution and sensitivity of

oscillograph. However, if it turned out that the tube was given and

the bandwidth of its deflection system was known, then it remains to

select optimum scanning speed. This rate must ensure the best time

resolution and not be excessive with large. Actually, if known is the

value of the time of the establishment of the circuit of signal t, and

the width of the line of ray/beam on the temporary/time scale At1,

i.e., is given At=t,+At, then it is expedient to select scanning speed

vP=I/At. This rate must be such that the interval of time At would'

correspond on the screen/shield to the length 1, sufficient for the

clear observation and recording the pulse. Higher scanning speed only

will complicate it will only complicate obtaining the stable work of

diagram.

10.3. OSCILLATORS OF HIGH-SPEED SCANNINGS.

Fundamental requirements and characteristics.

For oscillography of pulses with duration from 0.1 ns to tens of

nanoseconds are required scannings/sweeps with duration from one to

hundreds of nanoseconds. Depending on the sensitivity of tube rate of

change of sweep voltage must be from 10' to 101 2 v/s.

For obtaining high-speed scannings there are utilized a linear
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generator analogous to sweep oscillators of microsecond range, and

specific oscillator circuits of nanosecond scannings/sweeps.

Sweep oscillators are characterized by following parameters:

- with value of working drop in voltage up:

- with sweep length Tp;

- with duration of sweep retrace (recovery time) T.;

- by percentage distortion

( I (0M --sc ( (10.14)

u' ((1.4

where du(1)
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If for the sweep voltage there is utilized the initial section of

charge or capacitor discharge through the effective resistance, then

I , , (10.15)

where E,,, - the steady-state value of voltage across capacitor;

I,i and I,, - initial and finite quantity of the current of the

charge (or discharge) of capacitor;

- by effectiveness of sweep oscillator, evaluated by the voltage

efficiency, i.e., by the attitude of operating voltage to supply

voltage E:

wih te d(10.16)
_)

- with the delay time of the starting/launching of the oscillator



DOC - 88076729 PAGE

of the waiting scanning/sweep t,;

-by stability of the delay time of the starting/launching of

sweep oscillator &t,/t,.

At maximum speeds of scanning/sweep causes difficulty, both

obtaining given speed and guaranteeing of proper linearity and

stability of scanning/sweep. If in the sweep oscillator the diagram

of charge or discharge of capacitance C through the effective

resistance is utilized, then for obtaining high scanning speed it is

necessary to ensure the considerable current through the

capacitor/condenser

dt

At rate of change in voltage of order of 1011-1012 v/s and

smallest possible capacitances of capacitor, equal taking into account

stray capacitances of diagram, for example, 20 pF, current takes value

of 2-20 a. During the use of usual oscilloscope tubes with the

deflection systems in the form of plates it is necessary to also

consider the effect of capacitive coupling between the plates of the

systems of horizontal and vertical deflections. The

capacity/capacitance between the adjacent systems of deflector plates

is the part of capacitor voltage divider, whose second arm is formed

by stray capacitance between the deflector plates and earth/ground.

( Page 524.
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With a decrease in this capacitance the interconnection between the

systems of the horizontal and vertical deflection of ray/beam

grows/rises. For decreasing this connection/communication they

sometimes specially increase the capacity/capacitance of deflector

plates relative to the earth/ground. This entails an increase of the

charging current in sweep circuit. Thus, the capacity/capacitance of

deflector plates and the parasitic wiring capacitance of diagram

present very noticeable load at the output of sweep oscillator.

Therefore, in the diagram the tube, which has a sufficient pulse

power, must be used.

In high-speed/high-velocity oscillograph are utilized cathode-ray

tubes with high voltage of acceleration, which decreases sensitivity

of deflection system and leads to need for using sweep voltage on the

order of hundreds of volts.

The indicated requirements to pulse generators of sweep voltage

of high-speed/high-velocity oscillographs can be most simply satisfied

in thyratron diagrams. In such diagrams it is easy to ensure

considerable current with the relatively low supply voltage. With the

thyratrons, designed for higher voltage, very fast sweeps can be

obtained, since current pulses in them reach several ten amperes.

However, as noted in chapter 3, majority of thyratrons works at

repetition frequency not more than 5-30 kHz, but ignition time lag of

thyratron relative to moment/torque of its starting/launching can be
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more than 100 ns. Furthermore, some thyratrons have the low stability

of ignition. Therefore, for obtaining the scanning/sweep with a

duration it is less than 10 ns, when the increased stability of

starting/launching has already been required, it is expedient to

utilize diagrams on vacuum lamps. Thus, depending on the

designation/purpose of oscillograph and required scanning speeds can

be used sweep oscillators on thyratron or vacuum lamps.

For obtaining photographs of pulse from tube face of oscillograph

it is desirable so that electron beam would cause glow of

screen/shield only into moment/torque, which directly precedes

appearance of sweep voltage on deflector plates.

Page 525.

After the passage of ray/beam along the screen/shield it must be

extinguished and the glow of screen/shield is ended. For this in the

oscillograph is used the diagram, which creates the pulses of

illumination, supplied either to the cathode or to control electrode

of tube. The pulses of illumination must be short-term with the very

steep front and it is rigidly synchronized with the scanning/sweep,

which is necessary for the timely and very rapid illumination of the

ray/beam of tube. Therefore the stages of starting or preliminary

formation of high-speed scanning simultaneously are utilized for the

impulse shaping of illumination.

Methods of obtaining the high-speed scannings.
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In the case of construction of sweep oscillator on vacuum lamps

requirement of large pulse currents is fundamental during selection of

sweep circuit and tube itself. At the same time the scanning/sweep

must be sufficient linear, and the duration sweep retrace., i.e.,

recovery time of diagram is small.

These requirements can be satisfied in simple sweep circuit,

which works on principle of charge or capacitor discharge. For

retaining/maintaining the linearity of scanning/sweep the circuital

current of capacitor/condenser must be supported constant value. The

current-stabilizing element relies on high currents. The value of

output resistance of sweep oscillator must satisfy the condition for

the smallest distortion of the form of sweep voltage (as it is

indicated in S 10.1).

Application in sweep oscillator of vacuum lamp as commutating

element is connected; however, with possibility of distortion of

initial part of scanning/sweep due to effect of form of trigger pulse.

Actually, if the pulse edge lasts the time interval, commensurate with

the sweep length, then sweep voltage together with the parameters of

charging circuit will be determined by the character of the

build-up/growth of the front of trigger pulse.

Page 526.

Let the front of trigger pulse increase according to the linear law,

-. -- We-Wf



DOC - 88076729 PAGE

then the current of charge of capacitor in the sweep circuit also

increases according to the linear law

i= kt

and voltage across capacitor will be

I o kt 2

t c  Sj idt
0

where t, - duration of the front of trigger pulse.

Voltage across capacitor for rise time of trigger pulse changes

in time according to parabolic law. Therefore it is desirable so that

the trigger pulse would have the large steepness of front and

relatively flat/plane apex/vertex. This is all the more important,

the more the scanning speed increases. The different methods of

increasing the linearity of scanning/sweep are used for maintaining

the constancy of scanning speed. Are known the oscillator circuits of

scanning/sweep of microsecond the range, where is utilized charge or

capacitor discharge, with the application of the current-stabilizing

two-terminal network (Fig. 10.10).

In the case of charge of capacitor voltage on it changes

according to the law

u(t)=(E+E) l-e c,

where E,, and R,, - equivalent voltage and resistor/resistance of

current-stabilizing two-terminal network.
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In this case percentage distortion

E + E, E '

since usually EE.

As simple current-stabilizing two-terminal network is utilized

pentode, for which equivalent voltage E, attains several kilovolts.

Sweep circuit with the pentode can be used also for the

high-Lpeed/high-velocity oscillograph, if required scanning speeds are

provided with the currents, permitted for the pentodes.

)
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Fig. 10.10. Equivalent sweep circuit with current-stabilizing

two-terminal network.

Page 527. The more compound circuits of the current-stabilizing

two-terminal networks contain feedback loop on the current. Thus, in

the microsecond range for obtaining increased scanning speeds with the

satisfactory linearity is found use of the diagrams, in which is

utilized the charge of capacitor in the presence so-called

compensating emf. (Fig. 10.11) [1].

Here with the aid of capacitor/condenser of considerable

capacity/capacitance of C.>>C and cathode follower L, there is formed

the current-stabilizing circuit, which supports current i of constant

value during charge of capacity/capacitance of C, i.e., with formation

of linearly changing sweep voltage " The charging current

E Q-.:() + 1,, (t)

R

where c,,(') - compensating emf, which ensures the compensation for a

change in voltage across capacitor uc(t) so that the strength of

current i remains capacitor/condenser it presents the series

connection of the source of equivalent emf E., resistor/resistance R

and equivalent capacity/capacitance C,

.Ca.-I- K'
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where K - transmission factor of the cathode follower

+ SR,

and
R R,

R*= R, + R,)
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a,

+ .
r--c: - 4,.

ntCc
IC Up L

Fig. 10.11. Sweep circuit with current-stabilizing circuits.
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Equivalent voltage

£-- Ku,

here u, - residual voltage across capacitor C at initial moment of its

charge.

Percentage distortion

Up _U,,(I- K) _ .,,Q + R, .) (10.17)- _U, E-., (E -- ,)I,.

where u - factor of amplification of tube L,.

In the case of applying this diagram for obtaining scanning/sweep

with duration several of ten nanoseconds are required tubes, designed

for considerable current which with minimum for this diagram

capacity/capacitance of 20-30 pF and sweep voltage with amplitude

about kilovolt it reaches value more than ampere. For obtaining the

high current necessary to decrease charging resistor of R (less than 1
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kilohms), and this impedes the selection of tube LI, since its

internal resistance must be considerably lower than the

resistor/resistance of R, since this tube is intended for the

capacitor discharge C in the period of the restoration/reduction of

diagram. If this condition is not satisfied, then the residual

voltage across capacitor u, grows/rises and the voltage efficiency

proves to be very small. Furthermore, the low value of

resistor/resistance R, worsens/impairs the mode of operation of

cathode follower [l].

Therefore in high-speed/high-velocity oscillographs during

scanning/sweep with duration several of ten nanoseconds (minimally to

10 ns) car be used modified schematic of this oscillator (Fig. 10.12)

[192]. The here commutating tube L, is connected in series with

capacitor/condenser C. Resistor/resistance R, of small value is

intended for the capacitor discharge C in the period of the

restoration/reduction of diagram. Tube L, is designed for the high

current.

)
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Fig. 10.12.. Sweep circuit of nanosecond s-band current-stabilizing

circuit.
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In this case, if we do not consider the effect of the

current-stabilizing two-terminal network (C, and L. they are

disconnected), for the circuit we will obtain the equation of charge

of capacitor C

E n iRi + uc

di,

where i - current of conducting tube L,, R,=const - its resistance.

Voltage across capacitor C in this case changes according to the

law

U c - i l -e ,R,E +

where

( C
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If we now consider effect of current-stabilizing two-terminal

network, just as this done for diagram in Fig. 10.11, then for

percentage distortion we will obtain

.,U, U (- (10.)

Value of percentage distortion in this diagram is not more than

10*. Working sweep voltage attains the value

RXE

In this case voltage efficiency t proves to be equal to 0.8-0.9

even at high scanning speeds. In the case of high-speed

scannings/sweeps the percentage distortion is sometimes permitted

order 10-15*, since in the diagrams the calibrator of sweep length

commonly is used. This makes it possible to utilize simpler methods

of the linearization of scanning/sweep. Such methods, in particular,

include the charge of the capacity/capacitance through RL-network.

The use of the corrective inductance L, connected in series with

capacitor/condenser C and effective resistance R, makes it possible to

support the constancy of the charging current i, since current i

induces in coil L of emf, which counteracts to a change in the

current.

)
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If circuit is found in oscillatory mode, then voltage across

capacitor

Uc- +- e" sin(ct--).

Initial part of oscillogram of voltage Uc will be more linear,

the higher energy factor of duct/contour. The value of operating

voltage uc here can be more than supply voltage, i.e., the voltage

efficiency E>l.

With formation of voltage of high-speed scanning similar diagram

finds use as circuit, which converts the drop in voltage into linearly

changing voltage of assigned slope/transconductance (Fig. 10.13).

Let us assume that at the input of the circuit an ideal drop in

voltage operates. For the voltage and the circuital current we have

expressions

uc U r 1 2,

where

-L ± YL-4RL
2RLC

( , u'=E-U,; here U, - a voltage drop across the commutating element.

I
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Change in voltage across capacitor is close to linear dependence,

if circuit is found in oscillatory mode.

r -
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Fig. 10.13. Forming circuit for obtaining voltage of high-speed

scanning.
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Expressions for the current and the voltage in this case take the form

tic = 0I - M2 [_' e- - cos V1W- e' -

- % sin y#' - atj1;

ic =UC -e-' 12% cos Vw - a't +

+ Vw-~ -v'9:
2 ~)sin 1'i' -at]

where

Percentage distortion for voltage across capacitor is determined

by relation

Counting t1-0, we will obtain for percentage distortion following

express ion:

41
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Y = I - RCe-" 2m cos I " oN, + ~.

Condition of minimum value of percentage distortion is equality

Vwa -- z 2 a

or

L -O,8RC. (10.20)
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Yr -J I

Fig. 10.14. Dependences of current and voltage from scanning time

and percentage distortion from voltage for circuit design of

scanning/sweep.
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Fig. 10.14 depicts dependences of current and voltage from

scanning time, and also percentage distortion from value of change in

voltage across capacitor, used for scanning/sweep. In the figure

there is denoted

"c, ti,/RC"
U

It follows from Fig. 10.14 that during the use for scanning/sweeping

only the part of voltage across capacitor, it is possible to obtain

the sufficiently linear dependence of voltage from the time. With

q-0.18 the current has maximum value and is equal to

pn

.. whence percentage distortion can be determined according to the
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formulas T=- npr 018

Key: (1). with.

and

y +±T. npfJ ,1R

Key: (1). with.

where

Here I. - initial sweep current, i.e., /0i! with ij-0.

Utilizing time interval, limited by value n=0.5, it is possible

to obtain sweep voltage with amplitude U/2 with percentage distortion

of order 5-7*. If in sweep circuit were utilized the integrating

circuits of the type RC, then with the same sweep amplitude percentage

distortion would attain approximately 50%.

Values of percentage distortion, founo according to

above-indicated relationships/ratios and Fig. 10.14, are valid only at

ideal drop in voltage, supplied to the input of integrating circuits.

In the real diagram the nonlinearity increases because a drop in the

voltage has a certain final duration of front.

Page 533.

In practice the value of percentage distortion does not exceed 10W. A
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deficiency in this method of the formation of scanning/sweep is

considerable recovery time of diagram, which limits sweep frequency.

High-speed vapor phase scanning/sweep can be obtained in diagram

with power tetrod as commutating tube (Fig. 10.15).

Advantage of application of tetrode over triode consists in the

fact that it has smaller input capacitance and, furthermore, potential

change on screen grid of tetrode to the same value, as on cathode, is

not caused change in anode current. This fact is very important for

obtaining the sufficiently line voltage of scanning/sweep. The

capacitor/condenser of the corresponding capacitance of C, is included

for this purpose between the screen grid and the cathode of tetrode.

With the triggering/opening of tube by positive pulse, supplied to

control electrode, capacitor/condenser C, is discharged by the anode

current of tube, and capacitor C. is charged by anode and screen

current. Because of the action of capacitor/condenser C, the currents

of charge and discharge remain approximately constant value during the

duration of steering impulse. In the period of the

restoration/reduction of diagram capacitor/condenser C, is charged

through resistor/resistance R,,, and capacitor/condenser C. is

discharged through resistor R,.

Power tetrodes provide current, which makes it possible to obtain

scanning speed on the order of 10' cm/s with percentage distortion not

more than 10%. For the formation of the high-speed scannings of

= m -m m m m mmm
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different duration it is possible to utilize an electron tube

simultaneously as the amplifier of the linearly changing voltage and

as the source of a steep edge in the voltage for the integrating

circuits (Fig. 10.16).
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Cff

Fig. 10.15. Diagram of high-speed vapor phase scanning/sweep on a

tetrode.
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Its amplification by high- power tube occurs after admission to

control electrode of preliminarily formed linearly changing voltage.

For obtaining the scanning/sweep with the maximum speed (on the order

of 10' cm/s) the linearly changing voltage is removed/taken from the

anode of tube and is supplied directly to the deflection system of

tube. The linearity of scanning/sweep is determined by the shape of

pulse at the input of tube and by the possible distortions due to the

parasitic parameters of tube and anode circuit of diagram. In

obtaining of scannings/sweeps with the lower speeds a drop in the

voltage from the anode of tube is supplied to the integrating

circuits, with the aid of which are formed/shaped the necessary

scannings/sweeps. The linearity of these scannings/sweeps is

determined in essence by the character of the integrating circuits and

by the slope/transconductance of an initial drop in the voltage. For

increasing the linearity of scanning/sweep can be used LCR the
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integrating circuits, described above.

If requirements for stability of starting of scanning are not

very rigid, then as a commutating element it is expedient to utilize a

thyratron. Thyratron diagram is more economical. With the aid of the

thyratron easy to obtain considerable currents with the voltage on its

anode of approximately 1 kV, while for the power tetrods is required

the voltage into several kilovolts. During the use of a thyratron it

is easy to obtain the initial drop in the voltage of large

slope/transconductance, which then can be supplied to integrating

LCR-chain.
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Fig. 10.16. Oscillator circuit of scanning/sweep with forming

circuit.
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High scanning speed can be obtained by simple method, if we

utilize properties of characteristic of ionization of thyratron (Fig.

10.17a). As the sweep voltage here is utilized the voltage drop

across the equal in magnitude resistors/resistances of R1 and R.,

which is created due to the discharge of capacitor C,. With

sufficiently great capacity C,, i.e., if CR 1, t, (R,,=R,+R+Rj) voltage

on resistors/resistances of R, and R, follows the form of the

characteristic of ionization (Fig. 10.17b).

For scanning/sweep is utilized only section of linear build-up of

characteristic of ionization. The linearity of scanning/sweep is

determined by the properties of thyratron, and percentage distortion

does not usually exceed 15-20%. Changing supply voltage, it is

possible to obtain different scanning speeds (continuously variable
control). The linear section of the characteristic of ionization has j
a duration from 2 to 10 ns, which depends on the type of thyratron and
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value of anode voltage. In this case the sweep voltage can reach

hundreds of volts even with the low-power thyratrons. Consequently,

this diagram can be used for obtaining high scanning speeds, which

reach 3.10' cm/s.

To deficiencies in generators with thyratrons it is necessary to

relate difficulty of achieving stable work of diagram, comparatively

long delay time of starting of generator and low maximum sweep

frequency, equal to 5-10 kHz.
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Fig. 10.17. Diagram of high-speed scanning/sweep (a), in which is

utilized process of ionization of thyratron and sweep voltage (b).
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Factors, which determine operational stability of diagram with

thyratrons, are examined in Chapter 3. During the correct selection

of the type of thyratron and with the observance of the proper working

conditions for its in the diagram of high-speed scanning, as

investigations showed, the stability of the starting can be led to the

tenths of nanosecond (0.2-0.1 ns) [3]. This high stability is

especially necessary with the oscillography of repetitive pulses with

the duration in all into several nanoseconds.

Considerable delay of starting of thyratron sweep circuit

(reaching 100 ns and more) has value during recording of single

pulses. In the case of recording the repeating pulses delay factor of

starting does not play the significant role, since in the diagram it

( is always possible to provide synchronization of the moment of the

starting of scanning relative to the moment/torque of the arrival of

*1
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the pulse being investigated. In sweep circuit on the thyratrons it

is possible to carry out continuously variable control of delay time

by changing the bias voltage on control electrode.

Methods of formation of linearly changing voltage examined do not

make it possible to obtain very high speed scannings/sweeps, for which

is necessary rate of change in voltage of order of 1010 v/s. The need

for such rates of change in the voltage appears in the very high speed

oscillographs. In such oscillographs it is necessary to use high

accelerating voltage, which, however, decreases the sensitivity of the

horizontally deflection system. In these cases is necessary working

the sweep voltage on the order of 1 kV. The sweep length of such

oscillographs is sometimes less than 1 ns, which can correspond to

scanning speed, close to 3.10 20 cm/s.

This high rate of change in voltage is easily achieved by use of

ferrite forming lines, where shock electromagnetic wave is formed. In

Chapter 4 the description and the calculation of such lines is given.

The oscillator circuit of scanning/sweep with the nonlinear forming

line on the ferrites is given in Fig. 10.18 [187].

Page 537.

Linearity of this scanning/sweep (i.e. form of front of obtained

drop/jump) is determined in essence by quality of forming line and by

parasitic parameters of mounting of diagram. 'The correct

identification of the parameters of the cells of the forming line and

- - L
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their sufficient number makes it possible to form a drop in the

voltage, the nonlinearity of working section of which does not exceed

10-15%. The application of a constant magnetic biasing of ferrites of

line makes it possible to obtain continuously variable control of the

delay time of line, which is substantial for the synchronization of

the moment/torque of the beginning of scanning/sweep and arrival of

the pulse being investigated.

Reasons for the instability of scanning/sweep.

At high scanning speeds appears difficulty in obtaining of stable

position of pulse on time axis of oscillograph being investigated,

reason for which can be insufficient stability of parameters of

linearly changing sweep voltage. If during the observation of

repetitive pulses change the delay time of scanning/sweep, the value

of the initial level of the working section of scanning/sweep and the

average speed of working section, then the temporary situation of

pulse will be unstable, and its form is distorted.

Let in the sweep circuit a charge occur or capacitor discharge is

utilized linear section of change in voltage

u (t)--= .=tk (t.-t.),

where U, - initial level of working section of scanning/sweep; t, -

moment/torque of beginning of straight/direct trace of a scan; k -

( slope/transconductance of change in voltage.

",
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Fig. 10.18. Oscillator circuit of scanning/sweep with nonlinear

forming line on ferrites.

Key: (1). Input. (2). Output.
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Let there be at moment i=lp a linearly increasing sweep voltage

u(t)=u,,, then for scanning time t,,

tp = t. +r Upk- U l

If we do not consider nonlinearity of scanning/sweep, then value

of the time error in scanning/sweep depends on effect of parameters

t1 , U, and k. Magnitude of error of scanning time due to a change in

the delay of the starting of sweep oscillator is equal to an error in

this delay:

Al 1 1 A,
I. t

Error due to change in rate of working section of scanning/sweep

Atp Akg,- kT
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and error due to change in initial stress level of scanning/sweep

A,. AU, AU.
tp klp U p

Change in scanning speed Ak/k and initial stress level AU,/,u

depends on stability of source of anode voltage. A change in the

value of the anode voltage of tube can lead to a change in the value

of voltage across capacitor residual after the restoration/reduction

of diagram. The value of this error depends on the type of diagram

and characteristic of tube. The same reason produces a change in the

strength of current of the charge (or discharge) of

capacitor/condenser and leads to the error in the rate of the working

section of scanning/sweep. Both these errors are usually small under

the condition of a good stabilization of power supply.

Instability of moment of triggering of sweep oscillator of

high-speed/high- velocity oscillograph plays significant role.

Page 539.

In the channel of the starting of high-speed scanning several

cascades/stages on the electron tubes, which work in the waiting mode

and intended for a consecutive increase in the steepness of the front

of the trigger pulse of sweep oscillator, commonly are used.

Let us examine reasons for instability of starting with any of

cascade/stage (pulse amplifier or relaxation oscillator in waiting

It
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mode), which is located in trigger circuit of sweep oscillator.

Usually the tube of this cascade/stage in the initial state is closed

by bias voltage E,. (Fig. 10.19). From the preceding/previous

cascade/stage the grid of tube comes trigger pulse uu x(1 during the

build-up/growth of front of which occurs the triggering/opening of the

tube of the cascade/stage in question; The beginning of the starting

of the cascade corresponds to moment/torque t., when uj,()=EI

f oment-of triggering of tube will be unstable, if changes value

E,= E,.,-E,, and steepness of front of trigger pulse (du,.(t)/dI)-,-, With

the aid of Fig. 10.19 it is possible to rate/estimate the value of the

instability of the moment of triggering of tube [193). Representing

small changes in the values by differentiation, for changing the

moment of the triggering of tube we will obtain

dE, (10.21)

11 du"' t ) 'l~t~)
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Fig. 10.19. Graph which elucidates triggering/opening of tube by

linearly increasing voltage.
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Since change in potential of closing of tube depends on change in

anode voltage and filament voltage, i.e., E.,- j&,,U,, the

- dEc,, - Ad' L -I/Bdu,,,

where A and B - proportionality factors.

According to (10.21) for At. we will obtain

Atl Id,) (dEc. + AdEa± + Bdi.).(dl

(, If trigger pulse enters with certain instability At., then

resulting instability of starting of cascade

,i
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In the particular case if the front of trigger pulse is linearly

increasing function,

where U.- amplitude, and t, - duration of front of trigger pulse, then

delay of starting of cascade is determined by expression

14, 1,ti

t, =t, - to =,,UX (tjo v (E,:.- .,)=uE,
tat 1

1 11 1 (, U 

or

t, dE, 2r" dlt__ E"'t U

Passing to increases in value, we will obtain for instability of

starting of cascade

At, ; tit,, E, -- ) (10.22)

If the front of trigger pulse increases exponentially:

tt3Z (t) =U (I - Q-'1' ),

that instability of triggering of cascade will be initial sector of

the front of pulse [193]

U (1023) AUA,.-- ' Inu_. U-' T-R ).' (1/" 00"23)
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And (10.23) it is evident from expressions (10.22) that with

increase in bias voltage E,,, (i.e., with an increase in E,) increases

instability of starting At,, which depends on change in voltage E, and

steepness of front of trigger pulse. As is evident, with the linearly

increasing front of trigger pulse instability At, depends on value

AE/E 1 , and during the exponential build-up/growth of front the

instability in all cases depends to a considerable degree on value E1,

which it is desirable to take as small as possible.

To instability of starting of cascade besides instability of

supplies of power (technical instability) and instability of

parameters of trigger pulse factors, connected with presence of

fluctuations, caused by noise of resistors/resistances of diagram and

tube, will also affect (natural instability). Therefore in the

general case the problem about the instability of the moment of the

triggering of start-up circuit is a statistical problem. Are at

present indicated the solutions of this problem only in general form

[194, 1951. Thus, the total instability of the moment of operation of

electronic relay, including natural fluctuations, is determined by

expression [195]

S  du.(t) F [!(1)'(2
[ dt,,) [')1dl jr=,, [-- --t),

t

2 dt 
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where t(t) - total small fluctuation enumerated in input circuit of

cascade/stage.

However, in available literature there is no evaluation/estimate

of natural instability in waiting diagrams, and therefore, without

knowing value t(t), even in the case of linear approximation/approach

it is impossible to calculate value At,.

In developed samples of very high speed oscillographs [187, 191]

experimentally was determined instability of triggering time of

trigger circuits and sweep oscillators. Thus, the total instability

of entire channel of scanning/sweep can have a value ±(l-2)xlO- s.

With further decrease of this value, apparently, is necessary

reduction in noise in the cascades/stages of diagram.

Page 542.

10.4. IMPULSE SHAPING FOR THE STARTING OF SWEEP OSCILLATORS.

Requirements for the trigger circuits.

Pulses for starting of generators of high-speed scanning must

have a very steep front, sufficient amplitude and high stability of

their parameters. The parameters of pulses are determined by the

oscillator circuit of scanning/sweep.
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For the starting of sweep oscillators, which work on electron

tubes, pulse must have large steepness of front and flat vertex. In

the commutating tube of sweep oscillator increases insufficiently

rapidly with small steepness of the front of the starting current

pulse and therefore the initial section of scanning/sweep proves to be

nonlinear. This especially is developed at very high scanning speeds.

The duration of the front of trigger pulse must be considerably less

than the sweep length (with exception of those cases, when the

build-up/growth of the front of trigger pulse it is utilized further

as the scanning/sweep). The presence of oscillations and overshoots

at the pulse apex also leads to an increase in the percentage

distortion of scanning/sweep, since the change of the current strength

in the tube, which appears in this case, distorts the form of sweep

voltage. Trigger pulse wave in these diagrams is determined by the

duration of straight/direct trace of a scan and it is desirable so

that it would be regulated.

During starting of sweep oscillators, which work on thyratrons,

requirement for trigger pulse less rigid. The pulse duration here

must not be very small and is determined not by the duration of

straight/direct trace of a scan, but by the conditions of the stable

starting of thyratron. Therefore the duration of trigger pulse

lies/rests within the limits of several microseconds.

In thyratron oscillator circuit of scanning/sweep front of

trigger pulse does not have direct effect on degree of linearity of
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scanning/sweep, as it takes place in diagrams on vacuum lamps, since

current strength in thyratron after its ignition is no longer

determined by trigger pulse.

Page 543.

The front of trigger pulse must be selected from the condition of the

stable starting of thyratron. The steepness of the pulse edge is

necessary the order of 10' v/s.

It is desirable so that output circuits of trigger circuit of

thyratron would be low-resistance. The diagrams, which form trigger

pulses, must have short delay time, which is especially important with

the oscillography of single short-term processes.

In designs of high-speed oscillographs rigid synchronization of

moments of beginning of scanning/sweep and illumination of

straight/direct course of ray of oscilloscope tube and moment of

supplying temporary/time markers for calibrating scanning/sweep is

important. Therefore pulses for the starting of sweep oscillator,

pulse-shaping circuit of illumination and modulator of high- frequency

mark generator are formed/shaped in the single trigger circuit of

oscillograph.

At high scanning speeds all trigger pulses indicated must have

steep front and be characterized by stability. Furthermore, in the

trigger circuits of oscillograph it is desirable to provide impulse
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shaping for the starting of external diagrams, since oscillograph can

work both in trigger conditions from the external diagram and in the

mode of its own starting. In the second case the starting of the

diagrams being investigated is conducted from the oscillograph. Pulse

repetition rate of starting must be regulated in the considerable

limits.

Generator of driving pulses is fundamental synchronizing circuit

of starting system of oscillograph. The pulses developed by it must

be formed into the trigger pulses of the necessary amplitude and

duration with the high steepness of front. Blocking oscillator is the

most adequate relaxation diagram for the impulse shaping with the

steep front with their large porosity. Therefore in starting system

they had extensive application of a diagram of the blocking

oscillators of microsecond and nanosecond ranges.

For starting of the generator of high-speed/high-velocity

scanning/sweep is usually necessary pulse into several hundred volts

with front with duration about 10 ns. Such pulses are formed/shaped

by an increase in the steepness of the edge of pulse of the master

oscillator with the aid of the sequence of the diagrams of blocking

oscillators and amplifier-limiters, in latter/last cascades/stages of

which are utilized the high-power tubes.

Page 544.

For impulse shaping of illumination of ray/beam and starting of
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modulator of block of calibrator blocking oscillators also frequently

are utilized. With the consecutive peaking of trigger pulse one of

the cascades/stages of starting system simultaneously is utilized also

for the impulse shaping of illumination.

Possible version of system block diagram of starting of

high-speed oscillograph is given in Fig. 10.20.

Necessary adjustment of moment/torque of beginning of

scanning/sweep can be realized by change in bias voltage on control

electrode of tube of one of cascades/stages of starting system.

However, this is not desirable at high scanning speeds, since a change

in the grid voltage of tube can supply cascade/stage in the mode,

during which is not provided a sufficient stability of the time of its

starting. Therefore for the adjustment of the delay time of the

starting of scanning/sweep it is desirable to provide either the

diagram of electronic delay or the special circuit of the continuously

adjustable delay.

Question of operational stability of starting system is very

important. Just as in the case of sweep oscillator, which operates in

the waiting mode, the operational stability of cascades of starting is

determined by error I due to a change in the starting time ofI.

diagram and due to a change in the steepness of the front of trigger

pulses 4!k, formed/shaped from one cascade/stage to the next.

Ik
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Fig. 10.20. System block diagram of starting of oscillograph: 1 -

input circuits; 2 - pulse generator of starting; 3 - cascade/stage of

delay; 4 - amplifier-peaker; 5 - pulse amplifier; 6 - diagram of

illumination; 7 - amplifier-limiter; 8 - calibrator.

Key: (1). Input pulse. (2). To sweep oscillator. (3). External

synchronization. (4). Illumination. (5). Calibrating markers.

(6). Output of pulse of synchronization.
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The main reason for error proves to be a change in the value of supply

voltage, which ensures bias/displacement on control electrode of

cascade/stage and in the smaller measure a change in the voltage of

the source of anodic feed.

Since in trigger circuits blocking oscillators frequently are

utilized, then the explanation of stability of time of their

functioning is of interest. In the very high speed oscillographs for

obtaining temporary/time resolution on the order of 0.05 ns the

instability of triggering time of the separate cascade/stage of

starting system must be less than 0.01 ns. The stability of

triggering time of a diagram of the type of blocking oscillator in
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this case, apparently has already been determined not only by the

stability of the parameters of trigger pulse and supplies of power of

diagram, but also by the noise level of diagram.

As can be seen from system block diagram of starting (Fig.

10.20), for obtaining parameters of trigger pulse of scanning/sweep

necessary for high-speed/high-velocity oscillograph it is necessary to

use a series of cascades, which are found in waiting mode. This leads

to the significant magnitude of the total delay time of the starting

of scanning, which reaches 50-200 ns.

High scanning speed sometimes is not required, but necessary is

the minimum delay time of starting of scanning, which is important for

oscillographs, intended for recording single process, in circuit of

signal of which cable of delay is used; its length (and broad-band

character) is determined by required delay time of starting of the

scanning. In these cases the number of cascades/stages must be

minimal, and the rate of their functioning is great. Therefore the

application of diagrams on the tubes with the secondary emission is

expedient. At low scanning speeds the total delay time of starting

can be reduced to the value of 15-20 ns [1961.

If sweep oscillator works on thyratron, then trigger circuit is

more simple. In this case for the starting of the scannings it

suffices to use a blocking oscillator and cathode follower, which

form/shape pulse with the the amplitude 200-300 V for the duration of
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front of approximately 0.1 gs.

Page 546.

Schematics of starting systems and generators of

high-speed/high-velocity and very high speed scannings/sweeps.

Simplified circuits of units of starting and scanning/sweeping

some contemporary high-speed oscillographs are given as examples of

pulse-shaping circuits of starting and sweep oscillators.

Fig. 10.21 gives trigger circuit of high- speed/high-velocity

oscillograph [197], constructed on blocking oscillators, sweep

circuit, assembled on tetrode, and diagram of calibrator.

Here assigning blocking oscillator L. works in mode of external

synchronization. Pulse from its output enters the amplifier L.,

cathode load of which is the circuit, which consists of the divider of

voltage and delay lines. The circuit indicated provides the necessary

value of the pulse amplitudes, which start the separate

cascades/stages of diagram and the correct sequence of their work in

the time.

After line of pulse delay enters second blocking oscillator L,,

intended for peaking of formed/shaped pulse. Bias on control

electrode of tube L,1 it is possible to change and with the aid of

this to smoothly change the moment of the starting of sweep

C.j
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oscillator. The pulse shaped in the cascade/stage L,, has a duration

50 or 200 ns, which is determined by capacitance value of

capacitor/condenser, which is located in the grid circuit of tube.

Then this pulse is amplified and is limited in the cascade/stage on

the tube L4 . On secondary winding of transformer Tp, is formed the

pulse with an amplitude of 120 V for the duration of front 7 ns.

Formed thus pulse starts sweep oscillator L,. From the third winding

of the same transformer the pulse of the illumination of

straight/direct trace of a scan is removed/taken.

Sweep oscillator is assembled according to fundamental diagram in

Fig. 10.15. The use of a tetrode makes it possible to obtain

scanning/sweep with the maximum speed of 10' cm/s. Sweep length is

regulated by switching capacitors/condensers in the circuit of anode

and cathode of tube L,.

Trigger pulse from amplifier L, enters modulator of calibrator

L,. For obtaining the calibration markers are two sine wave

oscillators (L, and L,, L,). Working oscillator frequency 200 and 500

MHz, which corresponds to the duration of oscillogram time marks 5 and

2 ns.

As example of trigger circuit and sweep oscillator on thyratron

let us examine unit of starting and scanning high-speed pulse

oscillograph [1853.
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Fig. 10.22 gives the simplified circuit of the scan unit and

calibrator of oscillograph.

Here starting system consists of amplifier of external trigger

pulses L,1 , blocking oscillator L 2 , which operates in waiting or

auto-oscillating modes, and cathode followers L2 . Cathode follower '

( L1, serves for the starting of thyratron L,. Cathode follower L21 and

delay line serve as the channel of synchronizing pulses for the

4c
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starting from the oscillograph of the external pulse generators, which

work both on the thyratrons, and on the hard tubes. From the same the

helmet yes is taken the trigger pulse of thyratron L,.

Scanning/sweep pulses are formed/shaped in two cascades/stages,

which work on finger thyratrons of type TGI1-3/1. Cascade/stage on

the thyratron L, is intended for obtaining the scanning/sweep with

duration of 15.50 and 100 ns and impulse shaping of the illumination

of the straight/direct course of ray of oscilloscope tube. The

linearly changing sweep voltage is formed/shaped with the aid of

integrating LCR-networks (S 10.3), to the input of which is supplied a

drop in the voltage with the steep front. a drop in the voltage.is

removed/taken from the peak transformer, which is located in the

cathode circuit of thyratron. The forming cable, connected to the

anode circuit of thyratron, is charged through the choke/throttle and

the effective resistance. It ignites after the admission of trigger

pulse on the grid of thyratron and cable is discharged through the

resistor/resistance, equal to the wave impedance of the cable:

pRT+ 1R',

where R, - resistor/resistance of the open thyratron; R' - cathode

load of the thyratron

R' RR. .
R? 2(R, n2 +R, .,

here n,=' 2/W,. n2=w'U"2 w, - the transformation ratios of pulse wide-band

transformer relative to output on the integrating circuits and )

relative to output to cathode resistor/resistance R,, of the circuit of
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illumination, w., w., w2 - number of turns in primary and secondary

windings, R - effective resistance of the integrating circuits.

Ci

("1
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Value of drop in output potential of integrating circuit will be

U7 E - UO R'nl

U -( --Utp+R,+ ,'

where E - voltage of anodic supply;

U,- voltage drop across open thyratron.

Transformation ratios is expedient to take as equal to n,>1 and

n2 <l. The identification of the parameters of the integrating

circuits is conducted taking into account expression (10.20) in the

assigned sweep length i,,. For this it is necessary to assign the value

of resistor/resistance of R-R,+R 2, where R, and R, -

resistors/resistances in each arm of scanning/sweep. The value of

resistor/resistance R for any sweep length remains

constant/invariable. During the calculation of the integrating

circuits for the minimum sweep length (10-15 ns) should be increased

time t, by the value of the ionization time of the thyratron, used in

the diagram.

1 -4



A change in scanning speed is conducted by switching integrating

circuits. In this case it is simultaneously necessary to change the

length of the forming cable for changing the duration of the pulse of

the illumination, which from the second output of peak transformer

enters control electrode of oscilloscope tube. In gap/interval

0<t, . where t,,,.,, - ionization time of thyratron, scanning/sweep has

the nonlinear section, which must not be utilized. In this diagram
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this section of scanning/sweep is not illuminated, since the pulse of

illumination has rise time of front, the approximately equal to the

ionization time of thyratron.

Relatively low maximum sweep frequency is the main disadvantage

in diagram on thyratron. The application of a choke in charging

circuit of cable provides the stable operation of diagram (without the

repeated ignitions of thyratron) to the frequency of 10 kHz. The

adjustment of sweep frequency during the internal starting is

conducted by changing the frequency of blacking oscillator. The

synchronization of blocking oscillator in the mode of frequency

division is possible during the external starting of oscillograph. As

a result of this it is possible to investigate the pulses, which

follow with a frequency of up to 100 kHz, on the oscillograph.

Page 551.

For obtaining high-speed scanning, which reaches a rate of 2

cm/ns, (i.e., 4 ns to diameter of tube face lOLO101M), there is used a

second thyratron cascade/stage L,, assembled according to the

schematic diagram given in Fig. 10.17. The pulse synchronization of

illumination and high-speed scanning is achieved by the adjustment of

grid bias on both thyratrons.

Unit of calibrator of oscillograph consists of pulse amplifier

L., and sine wave oscillators with frequency of 200 MHz (on L,,) and

500 MHz (on tube L,).
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As is evident, a diagram of the scan unit on the thyratron is

sufficiently simple, since starting system has only one blocking

oscillator and cathode follower, and pulse generator of illumination

and sweep oscillator are combined in one cascade/stage on thyratron.

the oscillography of pulses by duration on the order of 0.1 ns and

less thyratron diagram they are not applicable due to the insufficient

stability of triggering time. In this case the more compound circuits

of starting system and sweep oscillator, carried out on the electron

tubes, are used. Fig. 10.23 gives the simplified circuit of the unit

of starting system and sweep oscillator of very high speed pulse

oscillograph [187], intended for the investigation of the repetitive

pulses of high voltage with a duration on the order of 10-10 s.

Generator of starting is assigning blocking oscillator L,. It

can work in the mode of auto-oscillations or in the mode of external

pulse sinchronization of both polarities. With the external

synchronization is utilized input cascade L,. The operating mode is

selected depending on the special features of the diagrams being

investigated and their triggering time. Positive pulses of the master

oscillator enter the cathode followers L,, from the output of which

there are taken the trigger pulses of the diagrams being investigated

and positive pulse, supplied to the input of the cascade/stage of

electronic delay L4 . The cascade of the continuously adjustable delay

is necessary for the coincidence in the time of the pulse being )
investigated and scanning/sweep. To achieve this with the aid of a
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change in the bias voltage on the subsequent cascades of starting is

impossible, since the noticeable instability of triggering time of

diagram can arise.

( lm m m mm l



DOC - 88076731 PAGE

Page 552.

Jr

t.e, ,f ,uo

fee$ . strn ta

hih spee ps osc ograph.

2400 br I: #Or .j'81V ,

Input of trigger pulses. 
(6). Output of trigger pulses.

Page 553.

The grid biases 
of tubes of 

the cascades 
of starting 

must be

thoroughly selected and fixed.

Subsequent two cascades L, and L, - two blocking oscillators, are

intended for consecutive increase in steepness of front of trigger

pulse. On half of tube L, is assembled the buffer stage, which unties

blocking oscillators. From the output of the second blocking

oscillator is removed/taken the pulse by the duration of 50 ns with

the front with the duration of 15 ns. This pulse enters the

modulating electrode of oscilloscope tube for the illumination of
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ray/beam and the input of power amplifier L,. From the plate load of

power amplifier the pulse of negative polarity with an amplitude of 3

kV and a duration of the front of 15 ns enters the input of the

nonlinear forming line or the cable of delay.

For obtaining high-speed scanning with a duration of 5 ns from

output of cable of delay linearly changing voltage due to frontal part

of pulse is removed/taken. In this case for the scanning/sweep is

isolated the linear part of the pulse edge.

For obtaining very high speed scanning/sweep with duration of

0.5-1 ns nonlinear forming line with ferrite, connected according to

diagram, given in Fig. 10.18, is used. In the line is formed/shaped

the stationary shock electromagnetic wave with the front with a

duration of 1-2 ns and with an amplitude of about 2 kV. The steepness

of front changes in the dependence on the number of utilized cells of

the forming artificial line. For the scanning part of the shock wave

front (linear) is utilized, which is provided with the aid of the

controlled delay of the starting of diagram, the displacement of

scanning along the axis X and the proper illumination of the beam. As

a result from the load of the forming line is removed/taken paraphase

scanning/sweep by the duration of 1-0.5 ns. Delay time of the forming

lines is equal the delay time of the segment of cable RKZ-400,

utilized in obtaining of scanning/sweep with a duration of 5 ns.

( Forming line is artificial delay line, which consists of
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LC-cells, inductance coils of which are wound around ferrite rings of

type VT-5 with outer diameter of 3 mm. The calculation of this line

is conducted, as it is indicated into S 4.3.

Page 554.

In trigger circuit of oscillograph several cascades work in mode

of external starting. For guaranteeing the temporary/time stability

of the starting of diagram it is necessary to select in each

cascade/stage such value of bias voltage, with which the tube is

opened to steepest sectors of the front of trigger pulse.

Furthermore, supplies of power (especially grid bias) must have the

high quality of stabilization. In the described oscillograph is.

obtained the temporary/time instability of the beginning of

scanning/sweep not more than ±1.5.10-11 s.

10.5 Stroboscopic method of oscillography.

Stroboscopic method of oscillography is based on obtaining of

image of oscillogram of repeating signal by consecutive

isolation/liberation of its separate sections with the aid of very

short-term strobe pulses and transformation circuit. The essence of

method is explained with the aid of the oscillograms Fig. 10.24 and

simplest block diagram of oscillograph (Fig. 10.25). The period1ic

sequence of the pulses being investigated enters the input of

converter. ')
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Fig. 10.24. Voltage oscillograms: a) pulse being investigated; b)

strobe pulse; c) pulse at output of circuit of converter.
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Simultaneously entering into the converter are auxiliary

so-called strobe pulses (gate pulses) of very short duration i,. occurs

inequality 1.t<0. The repetition period of gate pulses T, differs

somewhat from the repetition period of the pulse T being investigated.

If the first gate pulse is synchronized since the beginning of the

signal being investigated, then each following gate pulse is

shifted/sheared in the time relative to signal to the interval of time

At, called the step/pitch of reading. In this case occurs inequality

At<<T.

Generally speaking, repetition frequency of gate pulses F, can

into whole number of times differ from repetition frequency of signal

F. It is necessary only so that the repetition period of gate pulses

( would be more than the duration of signal t,,, so that with each of the

A4



DOC - 88076731 PAGE

repeating signals one gate pulse would coincide.

As a result of effect of signal and gate pulse on converter at

its output is formed a pulse only at the moment of coinciding of

signal and gate pulse. The value of output pulse proves to be

proportional to the instantaneous value of signal at the moment of the

admission of gate pulse. In the interval of time t, (Fig. 10.24c),

equal to nTo, will be isolated with n of the pulses, whose amplitude

corresponds to the value of signal at different points in entire

interval of its duration t,. This process is repeated periodically.

Pulses at the output of the converter are expanded and then are

amplified.
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Fig. 10.25. Simplified block diagram of stroboscopic oscillograph.

Key: (1). Synchronizing pulse. (2). Shift circuit. (3). Sweep

oscillator. (4). Gate generator. (5). Signal. (6). Converter.

(7). Expander and amplifier.
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If we synchronize the scanning of the beam of oscilloscope tube

synchronize with the onset of an initial gate pulse and to ensure the

illumination of ray/beam only at the apex/vertex of the expanded

pulses, then the points which form the image of the oscillogram of

signal will be observed on the screen/shield of oscilloscope tube.

Thus, in the oscillograph it is necessary, in the first place, to

synchronize scanning of the beam with that investigated of signals and

to make its duration of equal to nT; in the second place, to

synchronize since beginning of scanning/sweep first gate pulse and to

ensure with the aid of circuit of automatic shift synchronous with

scanning/sweep change in delay of gate pulse; thirdly, with the aid of "

( converter to obtain output pulses, whose amplitude is proportional to

instantaneous values of signal corresponding to them in time. Then on
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the oscilloscope face is observed the signal being investigated,

transformed in the time with the coefficient

t, _ T I

Consequently, signal, reproduced on tube face on points, is

dilated/extended in time into m of times and in so many once decreases

rate of change in value of signal, and this means that in so many once

decreases upper cut-off frequency of active width of spectrum of

signal.

Since phenomena of expansion of signal and decrease of cut-off

frequency of its spectrum are mutually dependent, then for obtaining

the image, which corresponds to a waveform, in stroboscopic

oscillograph after converter it is possible to use low-pass filter

with cutoff frequency of F/2. For the same it is possible to use the

storage device/equipment, which increases the duration of output
I

pulses, since considerable time T= T. is passed between the

moments/torques of the reproduction of the adjacent sections of signal.,

The second method is more preferable, since here there are no

distortions, connected with the overlap of spectral components of

serrated signal at the output of converter, which prove to be in the

filter pass band.

Usual narrow-band linear amplifiers are used after expander of

pulses.
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The latter have a small inherent noise level, which makes it possible

with the appropriate amplification factor to observe low in the signal

amplitude. As a result the sensitivity of stroboscopic oscillograph

proves to be the high with a sufficient effective bandwidth.

Quality of reproduction of waveform is determined to a

considerable degree by number of points (sections), from which is

comprised image. For the reproduction of the larger possible number

of the harmonic components of the spectrum of the signal being

investigated necessarily that the oscillogram would be represented by

the largest possible number of points. For this it is desirable to

have the high repetition frequency of signal and the low sweep

frequency of ray/beam, in other words, the step/pitch of reading At it

must be small. If the repetition frequency of signal is small, for

example, it is equal to hundreds of hertz, then the sweep frequency of

ray/beam must be equal to several hertz. Therefore for obtaining the

possibility of observing the signals with the small repetition

frequency oscilloscope tube must have a screen/shield with the long

afterglow, otherwise the initial part of the image will already prove

to be indistinguishable.

10.6. Quality of reproduction and the resolution of stroboscopic

oscillograph.

It follows from an examination of the stroboscopic method of
i;
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oscillography that for qualitative signal reproduction it is necessary

to, first of all, convert it without distortions. Therefore the

schematic of converter must be sufficient wide-band and not introduce

noticeable nonlinear distortions. Furthermore the gate length and the

step/pitch of reading must be found in the dependence on the assigned

range of the durations of the signals being investigated.

Depending on the required broad-band character of oscillograph

schematics of converters can be constructed on electron tubes or

semiconductor diodes. Fig. 10.26a gives the schematic of converter

and its equivalent diagrams (Fig. 10.26b and c), which correspond to

the moment/torque of reading and to period after the supply of gate

pulse 1198]. Signal is supplied to control electrode, and the gate

pulse of negative polarity - to the cathode.

Page 558.

In the case of applying the semiconductor diode the signal and gate

pulse are supplied to its input.

For the moment of reading according to the equivalent diagram

(Fig. 10.26b) we have

i(al equation of co"vrte

whence we obtain differential equation of converter
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1(1)= (i npSi. ' 0, ) ti I. (10.24)
0

Key: (1). with.

Converter is nonlinear diagram; however, frequently mode of its

operation proves to be by such that it is possible to count conversion

diagram of linear, so forth S(t)=S=const.

( 4
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Fig. 10.26. Schematic diagram of converter (a); its equivalent

diagram corresponding-to moment of reading (b) and to moment after

reading (c).

Key: (1). Input of signal. (2). Output. (3). Input of strobing.
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Actually, if the signal being investigated is small, and gate pulse is

selected such value, that at the moment of reading the tube works in

the linear conditions, then in general form expression for output

potential of converter for the time of action of gate pulse will be

t +1-c/2

here moment/torque t, corresponds to the center section of the gate

pulse.

For evaluation/estimate of quality of reproduction on
stroboscopic oscillograph of periodic signal of arbitrary form it is

necessary to establish/install, with what accuracy function u(t,) will

correspond to signal being investigated, assigned by function lse-is
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If we do not consider the effect of the transformation of time and to

consider that the circuit of signal after converter does not introduce

distortions into the shape of pulse, then the image of signal is

determined by the shape of the envelope of pulses at the output of

converter. Expanding in expression (10.25) integrand f(t) into the

Taylor series and producing conversions, it is possible to obtain

[199]

where (t,- t,/2)' < r< (t,- tof2).

Absolute error in reproduction of any point (section) of function

f(t) can be approximately determined in value of this second addend

expression, i.e.
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For evaluation/estimate of distortion of shape of pulse being

investigated it is more expedient to use ratio of absolute error to

amplitude of output pulse (or to peak-to-peak), i.e., by expression

V=._ ={ r'(rad - (10.26)
( -f('"")1 

2 ) 6 V (ts,.e) - f (tnu)i'

where t~ 0 - moment of time, which corresponds to maximum voltage of

pulse;
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.... - moment of time, which corresponds to minimum voltage of

pulse;

t'ac -moment of time, which corresponds to maximum value second

derivative shape of pulse.

Using formula (10.26), it is possible with assigned shape of

pulse f(t) being investigated to find necessary gate length, in which

distortions of reproduction of shape of pulse correspond to assigned

error P. Thus, if the video pulse being investigated has bell-shaped
3

form f(t)=A- t, then it is easy to show that . Then,

after assigning the accuracy of reproduction of pulse in 10% i.e.

P-0.1 we find

The hence required gate length must be not more

Besides selection of gate length it is necessary for qualitative

signal reproduction to have sufficient number of points, from which is

composed image, i.e. to select step/pitch of reading. Obviously,

representation about the signal there will be the more complete, the

greater the points we on it count. In connection with this it is

necessary to check, is it possible to decrease the step/pitch of

reading to any value convenient to us. It is shown [199] that the

decrease of the step/pitch of reading in comparison with the gate
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length is limited to following inequality:

at ~ -)/6i

tc j f- - (t1 ) 2 ."( )-2  (10.27)

where (l,--tci2) 'U -.
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Determination of minimum step/pitch of reading according to this

formula is impossible, since usually is not previously known form of

signal being investigated. But for the series/row of radio signals it

is possible to previously establish/install some limiting values of

derivatives and to use formula (10.27). The obtained oscillogram

shows, what class includes the signal being investigated. Virtually

it proves to be completely sufficient, if the number of points of

reading will be about hundred or even it is equal to several ten.

As has already been indicated above, quality of work of

stroboscopic oscillograph is determined to a considerable degree by

operational stability of its fundamental nodes. Is required the

sufficiently rigid synchronization of the onset of the first gate

pulse since the beginning of scanning/sweep of electron beam and the

beginning of the signal being investigated. Furthermore, is necessary

the stable shift/shear of gate pulse (synchronization of the

step/pitch of reading).

The signal itself being investigated sometimes is the fundamental

synchronizing pulse. In this case the signal is supplied to the
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converter through the cable of delay. The delay time of cable is

determined by triggering time of the cascades/stages of the formation

of gate pulse. However, the application of a cable in the circuit of

signal leads to signal distortion, i.e., worsens/impairs time

resolution. Furthermore, the presence of the drive circuits in the

channel of the formation of gate pulse, which include several

cascades/stages, is connected with the limitation of the rigidity of

synchronization due to the instability of triggering time of the

waiting electronic Circuits, whose reason has already been examined

during the analysis of the methods of obtaining the high-speed

scannings (S 10.3).

Time resolution of stroboscopic oscillograph affects also finite

time of establishment of transient processes in converter. Examining

the case of effect on the signal-data converter in the form of a drop

in voltage of low value U, and gate pulse of triangular form by

duration on foundation t, (Fig. 10.27), we will consider that the

diagram works in the linear conditions, i.e., S(t)=S=const.

Furthermore, is not considered the effect of the form of gate pulse

and in the changed its duration with a change signal amplitude.
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Then, as it was shown above, for output potential of converter we have

t,+tc 2

u It) - 1 -- , U di.
I.-'I"
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If a drop in voltage enters the input of converter at moment t.

so that

1,+t,/
2

s ~ d _u Sto . ,.. ,,

For case

we have

1 ,+1/2

U V') 5 Ucdt -UoSt (10.28)

Thus, in the case of linear conditions of work of converter time

of establishment of transient response of diagram cannot be more than

gate length.

)
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a IC

C) I

Fig. 10.27. Oscillograms: a) drop in voltage at input of converter;

b) strobe pulse u'; c) drop in output potential of converter.
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Since in the general case the converter is nonlinear system, then for

the evaluation/estimate of the time of the establishment of diagram

with the large signals already it is not possible to use the transient

response of diagram and the method of imposition. However, it is

possible to consider for the low signals in a number of cases that the

diagram works in the linear conditions, and then the

evaluation/estimate of the frequency properties of diagram (198] is of

interest.

Let us assume that being fed to the input of diagram is a

harmonic signal of small amplitude. Let us find the ratio of the value

of output potential of converter at a certain frequency w to the value

of output voltage at the low frequency. If to the input linear

(S-const) converter there is fed a sine voltage ,,=Ucsint, then output )
potential for the time of action of the gate pulse
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1 r sin wid-in 6 sin w1,; (10.29)

here moment/torque t. corresponds to the center section of the gate

pulse, whose form it is expedient to assume triangular. The

divergence of electron beam of oscilloscope tube there will be to the

proportionally obtained value of output voltage. Since the beam

deflection at the low frequency Y(0) according to (10.29) proves to be

proportional to value SU~deC, the ratio of the deflection of the beam

of tube Y(M) at the frequency w to divergence of Y(O) will be

Y(w) sin ot,/2 (10.30)
Y (0) -( wtj2

Hence it is apparent that if we take as the cut-off frequency of

passband the frequency, which corresponds to the level at 3 dB, then

for the case of linear conditions of the work of converter according

to (10.30) we obtain

sn ric/2 _-- 0707
wrptc/ 2

or

fi,- 0,45/t,,.

Page 564.

(Although, strictly speaking, this system nonlinear) they

sometimes characterize broad-band character of converter by value

calling its effective passband [198].

_ -- -- -- -- . t # lm mlw l I Ill n m mmmm mm m k mmI
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It is necessary to note that it is assumed in all given

computations that linear input circuits of converter are sufficiently

wide-band and do not introduce distortions into signal during its

transmission being investigated. Knowing the time of the

establishment of transient processes in converter t.1, the time of the

establishment of input circuits (including the cable of the delay,

when it is) t , it is possible to estimate the resulting time of the

establishment

ty =J*t2. +1 p;,

Temporary/time resolution of stroboscopic oscillograph will be

determined by value ty, and also by absolute value of instability of

triggering time of channel of formation of gate pulse. Thus, just as

in the case of high-speed oscillographs, an increase in the time

resolution of stroboscopic oscillograph is connected not only with the

decrease of the time of establishment in the circuits, but also with

an increase in the stability of functioning diagrams on the electron

tubes or the semiconductor devices.

10.7. Designs of converters.

Converter and gate generator are the fundamental nodes of

stroboscopic oscillograph.
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As converter can be used cascades/stages on electron tubes and

semiconductor diodes, structurally fulfilled in the form of extension

caps.

Diagrams on electron tubes are distinguished depending on method

of supplying strobe pulse - on anode, cathode or third grid of tube.

The widest use found the diagram, in which the gate pulse of negative

polarity is supplied to the cathode of tube (Fig. 10.26). In this

circuit the diagrams of gate pulse and output circuit of converter are

divided. Diagram has a low-resistance input, coordinated with coaxial

cable, on which is supplied the signal being investigated. Gate pulse

also on coaxial cable enters the low-resistance cathode load.
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In initial state tube is closed. Bias voltage and amplitude of

gate pulse are selected by such that with the maximum value of the

voltage of gate pulse the working section of the characteristic of

tube would be approximately linear. The amplitude of the signal being

investigated must not be great. The signal and gate pulse

simultaneously operate at the moment of reading on the tube, and at

the output of diagram are formed the pulses, modulated in the

amplitude by the signal being investigated. In the anode circuit of

tube is a parasitic or specially introduced capacitance of C, which

forms with resistor/resistance R the integrating circuit, as a result

of acting which increases the duration of output pulse. Thus occurs

( preliminary pulse widening, which then enter the cascade/stage of

;?
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expansion and the amplifier.

Application in such schematics of radio-frequency pentodes and

special wide-band tubes makes it possible to obtain converters, which

have time of establishment 1-3 ns. Obtaining diagrams with the higher

time resolution is possible only with the aid of the inverter stage,

carried out in the form of coaxial construction/design on the

semiconductor diode. In fig. 10.28 is given the schematic of

converter on the semiconductor diode and the characteristic of diode.

Gate pulse must have a sufficient amplitude in order to derive signal

on the middle of the working section of the volt-ampere characteristic

of diode.
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Fig. 10.28. Schematic of converter on diode (a); characteristic of

diode and oscillogram of pulses (b).

Key: (1). Gate pulse. (2). To amplifier. (3). Signal.
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Thus, at the moment of reading a change of the voltage on the

capacity/capacitance is proportional to the algebraic sum of the

voltage of signal at the moment of strobing/gating and amplitude of

gate pulse. After the termination of gate pulse the

restoration/reduction of initial voltage on capacity/capacitance of C

occurs with the time constant, determined by capacity/capacitance C

and by high resistor/resistance of the closed diode, i.e., is realized

preliminary pulse widening at the output of converter.

However, diodes have finite time of transition from the open

state to the closed. Therefore capacitance C loses the part of its

charge, being discharged by inverse current of the slowly locking

diode. Moreover, inverse current of diode is proportional to the

value of release voltage (in the transient mode), and, thus, this

current is determined by a change in the signal after the termination
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of gate pulse, which leads to the distortion of the process of

conversion, so the high speed diode 1N263 utilized in the foreign

stroboscopic oscillographs has a reverse recovery time of

approximately 2 ns. True, under the influence of very short-term gate

pulse (t= 0,2-0,3 ns) the base of diode does not manage to be filled up

with minority carriers and the reverse recovery time, apparently,

proves to be considerably less than 2 ns.

For eliminating deficiency in converter indicated sometimes is

used diffusion diode with breakdown section of reverse/inverse branch

of volt-ampere characteristic (Fig. 10.29) [201J. The switch time

(decay in inverse current) of this diode is rated/estimated by the

expression

2,4;,

where Tl=(I-2).I0-11 s - time of the retention/maintaining current in

the region of the multiplication of carriers;

U. - voltage of the breakdown of diode;

U,.M - bias voltage.
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Value tn can be less than 0.1 ns. Is desirable bias voltage U,, to

take considerably less than the voltage U., and the amplitude of gate

pulse - sufficient for the work in the linear section of

characteristic in the region of the electrical reversible breakdown. )
The amplitude of the signal being investigated must be less than the
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amplitude of gate pulse, so as to signal could not itself discover

diode or derive it from the mode, which corresponds to linear section.

After termination of gate pulse capacity/capacitance slowly is

discharged through diode and resistor/resistance R and output pulse

proves to be expanded to duration into several microseconds.

During more detailed analysis of work of converter it is

necessary besides switch time of diode to consider nonlinear

distortions. The nonlinear distortions, introduced by converter

(especially with the work on the straight/direct branch of the

characteristic of diode) can be considerable. The appearing

distortions are connected with the fact that the capacitance of

converter C for the length of gate (if tc<I ns) it does not manage to

be loaded to the peak value, which leads to a change in the time of

the charge of capacity/capacitance with a change in the voltage of

signal. Counting the form of the gate pulse of triangular and its

active duration of equal to tca, duration on the level, which

corresponds to the triggering/opening of diode (to corresponding

beginning of the linear section of characteristic), and the steepness

of its front equal k, it is possible to calculate amplitude conversion

diagram [2011.

V:
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Fig. 10.29. Schematic of converter (a); characteristic of diode and

oscillogram of pulses (b).

Key: (1). Gate pulse. (2). Output. (3). Signal.
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This characteristic can be described by the expression

,,. AX=:k [,o,,12 -- l n (2- c-

where the time constant of the circuit of the charge of

capacity/capacitance r=(R l+ R.hC; R11- the resistor/resistance of

diode; R, - the line impedance of transmission at the entrance point

to the converter.

Converter with semiconductor diode will have linear amplitude

characteristic when , tra to carry out this inequality in practice is

difficult. The use of a diffusion diode in the operating mode proves

to be most favorable on the reverse/inverse branch of volt-ampere

characteristic. This diode has a small transfer capacitance (about )
0.3 pF) and therefore resulting capacity/capacitance of C', formed by
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the series connection of passage C. and fundamental C of

capacities/capacitances, it decreases to 10 pF. There cannot be

considerably decreased the fundamental capacitance, since capacitive

voltage-divider is formed, as a result of which the signal is

transmitted to the output and in the absence of gate pulse.

I m mmmmmmmm m
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Fig. 10.30. Device of converter (a) and its equivalent diagram (b).

Key: (1). Input of signal. (2). Output. (3). Input of gate

pulse. (4). Diode.
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Structurally the converter is fulfilled in the form of coaxial

system, matched at the input and output. Fig. 10.30 gives

diagrammatic representation of converter with point type special

semiconductor diode from gallium arsenide [200]. Diode is installed

between the internal and external conductors of the coaxial line,

which has the wave impedance of 50 ohms. The decrease of the inside

diameter of line in the point of connection of diode serves for its

best agreement with the line.

In this converter, which works are somewhat unique, small

capacitance of C., which is formed between housing of the diode and

external conductor, simplest low-frequency filter is created together )
with resistor/resistance at output of converter. The application of a
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filter of RC-type and mode of direct detection on the

capacity/capacitance of converter makes it possible to considerably

raise the time resolution of oscillograph.

For realization this reading of signal it is obtained due to

difference in repetition periods of signal and gate pulse AT, which is

very stable. This is reached by applying two generators with the

quartz-crystal control, which synchronize the work of gate generator

and generator of the signal being investigated. The time constant of

the RC network of converter is selected in such a way as to remove

high- frequency pulsations, but not to distort the pulse edge. This

is fulfilled, since value AT is more than to two orders of less than

the resolution of oscillograph. Fig. 10.31 shows the oscillogram of

voltage u, on the capacity/capacitance of converter and voltage of

gate pulse u,.
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Fig. 10.31. Oscillograms of voltage u. on capacity/capacitance and

of gate pulse u,.
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As can be seen from figure, the operating time of converter t' is much

less than the length of gate t, since capacity/capacitance of C. only

insignificantly is discharged from one pulse to the next. Because of

this mode of the work of converter the time resolution reaches the

value of 0.06 ns (2001.

However, this method of oscillography has essential deficiency,

which consists in the fact that to investigate it is possible signal

only with completely specific strictly fixed/recorded frequency, which

must be sufficiently high moreover, (not less than 10 MHz). In the

case of another repetition frequency of signal the new clock frequency

of gate generator is necessary, i.e., the new pair of generators with

the quartz-crystal control is necessary.

Stroboscopic oscillograph can be used and, also, for observing

pulse envelope and their high-frequency filling. The carrier

frequency of the radio pulses of nanosecond duration reaches tens of

gigahertz and therefore converter is fulfilled in the form of
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waveguide section. Fig. 10.32 gives the drawing of this converter

[202]. Converter consists of the germanium diode, installed into the

waveguide so that it is arranged/located perpendicularly to the

direction of propagation of waves in the waveguide. Diode is

connected with the umbilical connectors, fastened/strengthened to the

walls of waveguide. Gate pulse is fed/conducted along the cable to

the cathode of diode. The anode of diode is connected with the cable,

on which the pulse from the output of converter proceeds to the

amplifier of usual oscillograph.

(r
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Fig. 10.32. Device/equipment of converter in the form of waveguide

with semiconductor diode.

Key: (1). Input of signal. (2). Collar. (3). Output. (4).

Cable connector. (5). Diode. (6). Waveguide. (7). Input of gate

pulse. (8). Coupling.
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Pulse signal is introduced through collar of waveguide and is

propagated along latter. The load of waveguide is placed at another

end/lead and serves for absorbing the signal, which passed through the

section with the diode toward the end of the waveguide section.

Signal does not enter cable, but gate pulse - into the waveguide,

since the critical value of the frequency of waveguide and cable does

not make it possible for signal to be propagated in the cable, but to

pulse - in the waveguide. The time constant of output circuit of

converter of approximately 1 gs is determined by the parameters

parallel-connected capacity/capacitance of output cable, back

resistance of diode and by input resistance of amplifier, which is

located on the output of converter. Time constant is great in
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comparison with the repetition period of pulses and is low in

comparison with the period of scanning/sweep of oscillograph.

Therefore possible to utilize this circuit for the accumulation of

information from one section of the reading of oscillogram to another.

10.8. Generators of strobe pulses.

As noted above, quality of reproduction time resolution of

stroboscopic oscillograph together with broad-band character of

circuits of converter is determined, mainly, by gate length.

Therefore depending on requirements for the resolution it is necessary

to select the appropriate oscillator circuit of gate pulse. If

instrument is designed for the band to several hundred megahertz, then

there can be used the vacuum-tube circuits of gate generators, which

make it possible to obtain pulses by the duration of the order of

nanosecond and somewhat less. The amplitude of gate pulse usually

comprises the units of volts or the tenths of volt.

Therefore as gate generator it is possible to utilize diagrams of

formation of nanosecond pulses on tubes of secondary emission and

blocking oscillators with consecutive peaking. The diagrams, which

contain limiters and differentiating circuits on the coaxial lines,

are frequently the output stages of the diagram of the formation of

gate pulses.

(
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With operation of the oscillograph at high repetition frequencies

in number of cases master oscillators with quartz-crystal control and

diagrams of frequency multiplication are used. The formation of gate

pulses then is realized with the aid of the sufficiently simple

vacuum-tube circuits or the diagrams on the semiconductor diodes.

Sufficiently simple diagrams of formation of gate pulses can be

obtained in the case of using sinusoidal oscillation as starting

voltage. Fig. 10.33 gives the diagram of the formation of gate pulse

from the sinusoidal oscillation with the aid of two cascades/stages

[202]. Sine voltage is supplied to the forming cascade/stage (L.)

with the grounded grid, which works on lighthouse type triode, which

has small anodic and cathode capacities/capacitances. After

limitation the voltage enters the differentiating circuit, in which is

utilized that short-circuited at the end/lead of severings of cable.

The obtained pulse further enters the cathode of miniature type

triode, on which is assembled the amplifier- limiter. After peaking

the gate pulse with duration about 0.5 ns enters on coaxial cable the

converter. The input and output of the last cascade have a

resistor/resistance of 50 ohms.

If stroboscopic oscillograph is designed for effective passband

of more than 1 GHz, then the gate length must be considerably less

than 1 ns. Such pulses usually are formed/shaped into two stages. )
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Fig. 10.33. Diagram of formation of gate pulse from sinusoidal

Key: (1). To the converter.
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During the first stage the blocking oscillators or amplifier-limiters

are shaping circuits, while in the second stage the diagrams of pulse

shortening in the form of distributed type differentiating circuits

are utilized or the high speed semiconductor diodes, assembled in the

coaxial systems, are utilized. During the first stage are

formed/shaped the pulses of considerable amplitude with the steep

front (to I01*-10' V/s). Frequently at the output of the diagram of

the first stage of formation are utilized pencil type miniature tubes,

which are assembled in the coaxial holder.

Fig. 10.34 gives diagram of second stage of formation of gate

pulse [203]. The output tube of the diagram of the first stage of the

formation of gate pulse and the coaxial shortening circuit is shown

here. Output tube is pencil type triode 5675 (analogous in the

construction/design to Soviet tube 6S13D). In the anode of this tube
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is used right-angled junction with the arms, which have the delay time

of pulse, equal to t,. For the pulse which is propagated from the

anode of tube into the line, this system is the short-circuited

section/segment, as a result of which first pulse shortening occurs.

After attenuator the pulse undergoes secondary shortening due to the

presence of short-circuited stub with the delay time t,. After

passing the second attenuator gate pulse it enters the converter.

)
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Fig. 10.34. Schematic diagram of output stages of gate generator.

Key: (1). V. (2). dB. (3). To converter.
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Fig.. 10.35 gives somewhat different design of the device for

diagram of formation of second stage [205]. Here in contrast to the

preceding/previous NOT circuit second short-circuited line and

attenuator, and is added the diode, which cuts the foundation of gate

pulse. In the single coaxial system the diagram of the second stage

of the formation of gate pulse and converter on the semiconductor

diode is assembled. To the left to the input of coaxial line from the

cascades/stages of the diagram of the first stage of the formation of

gate pulse enter pulses with the duration of the order of several

nanoseconds.



DOC 88076732 PAGE

mfllb/a3DmU

Oznd CUNUO

Vtllf ,oa m

O .swo g

Fig. 10.35. Device/equipment of coaxial system with output stage of

gate generator and converter (a); equivalent diagram (b).

Key: (1). From cascades of preliminary formation. (2). Diode of

gate generator. (3). Input of signal. (4). Attenuator. (5).

Diode of converter. (6). Output. (7). From cascades of formation.

(8). Output to amplifier.
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Further pulse is differentiated by the circuit, which consists of the

section of the line, locked the capacity/capacitance, dnd enters the

peaking diode-limiter. The obtained pulse with a duration of less

than a nanosecond through the attenuator enters the diode converter. )
Simultaneously to the converter along the coaxial line comes the pulse
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being investigated. From the output of coaxial system the converted

and preliminarily expanded pulses fall on amplifier.

Fig. 10.36 shows device/equipment of second stage of formation of

gate pulse on high speed semiconductor diode [204]. The diode, to

cathode of which is biased in the forward direction, it is assembled

between the internal and external conductors of coaxial line. During

the supplying to the input of the system of pulse from the

cascades/stages of preliminary formation the diode, which shunts line,

passes for the very small time interval into the nonconducting state,

as a result of which the drop in voltage, which is propagated along

the line, is formed. This drop in the voltage then is differentiated

with the aid of the short-circuited coaxial loop of the corresponding

length. As a result at the output of coaxial line is obtained the

pulse by the duration of 0.2 ns with the the amplitude 0.5 V.

Section of coaxial line with diode and by short-circuited stub is

isolated from diagram of shaping of first stage, on one hand, and from

termination, on the other hand, by two attenuators. Thus is reached

the decoupling of line by cascades/stages at its input and output.
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Fig. 10.36. Schematic diagram of design of gate generator.

Key: (1). Generator. (2). Attenuator. (3). Output of gate pulse.

(4). Diode. (5). Loop..
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As is noted, the converter and gate generator are fundamental

wide- band nodes of stroboscopic oscillograph. The remaining

cascades/stages of the schematic of oscillograph are assembled

according to the usual diagrams, widely utilized in the pulse

technique. As an example let us examine block diagram and

designation/purpose of the fundamental nodes of the series sample of

the stroboscopic oscillograph, which has effective passband 900 MHz

and sensitivity 3 mV/cm [206].

Fig. 10.37 gives block diagram of oscillograph. In the diagram

for guaranteeing the synchronization of the vtarting of units is

provided besides the input of the pulse being investigated also the

input of trigger pulse. Converter 3 enters the pulse from the input

being investigated and the strobe pulse from the generator of strobe

pulses 2. From the output of pulse converter through amplifier 4 )
enters the expander of pulse 5 and then the vertical deflectors of
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oscilloscope tube 7.

So that moment of reading of signal would change, being displaced

along time axis to value of step/pitch of reading, the generator of

strobe pulses must put out pulses at strictly defined moments of time.

For this there is a unit of the generator of rapid linearly increasing

voltage 1 and a unit 6, in which is formed/shaped the step voltage and

the sweep voltage of oscilloscope tube.

After starting of oscillator circuit of step voltage 6 develops

voltage, whose amplitude grows/rises by steps/stages, whose value can

be regulated. Negative voltage from the output of this generator

enters the input cascade of the generator of strobe pulses.

Simultaneously the linearly increasing voltage from generator I comes

the same cascade/stage.
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7

Fig. 10.37. Block diagram of stroboscopic oscillograph.

Key: (1). Input of pulse of synchronization. (2). Input of signal.

Page 577.

When the values of these voltages become equal, generator 2 puts out

strobe pulse and in the converter it occurs the reading of the fixed

point of signal. With an increase of negative step voltage the delay

time of the delivery of strobe pulse increases and, thus, is realized

bias/displacement along the time axis of the moment of the reading of

signal.

Moment/torque of formation of step voltage in turn by timed

pulses, which come from expander of pulses 5. Consequently, the

moment of the subsequent reading is synchronized with the moment of

the preceding/previous reading. The greater interval of readin" (i.e.

the points of reading for the scanning time the less), the greater the

amplitude of steps/stages, installed with the aid of the appropriate

switch in the unit of the generator of step voltage.

Unit of generator of rapidly linearly increasing voltage contains

cascade/stage of switching polarity and amplification of trigger
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pulses, the cascade of starting and generator, assembled according to

the diagram similar to sweep circuits (Fig. 10.12). The starting of

generator and its work must be characterized by high stability. The

stability of the temporary situation of the linearly increasing

voltage must be not worse than 10-10 s.

Unit of generator of strobe pulses includes cascade/stage of

comparison, input of which enters negative step voltage and linearly

increasing voltage. At the moment of the equality of these

voltages/stresses from the output of cascade/stage enters the pulse to

the generator of strobe pulses, which generates pulse with the

amplitude into several volts and a duration of 0.5 ns at the level of

half of amplitude value.

Converter is fulfilled in the form of coaxial system, into which

is installed semiconductor diode of converter. In the same system the

latter/last cascade/stage of the generator of strobe pulses, which

works on the semiconductor diode is assembled (diagram of peaking). A

preliminary increase in the pulse duration occurs at the output of

converter. Then pulse enters amplifier 4. Amplifier has an

amplification factor, equal to 3000. for the sufficiently precise

measurements the stability of amplification is necessary to-0.5-1%.
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After pulse amplifier enters expander. The expander of pulses

works on the principle of charge of capacitor by the current of tube



DOC a 88076732 PAGE Ik

during the action of pulse. The capacitor/condenser is discharged

through the time interval with a duration of 1 ms with the aid of the

special discharge lamp. Thus, from the output of expander is

removed/taken pulse by the duration of the order of millisecond. fhe

discharge lamp of the diagram of expander is controlled by the pulse,

which comes from the generator of strobe pulses. Pulse from the

output of expander is supplied to backplates of oscilloscope tube and

simultaneously on the unit of the generator of step voltage.

Unit of generator of step voltage consists of diagram of

formation of step voltage with storage capacity/capacitance,

pulse-shaping circuit of illumination of straight/direct course of ray

of oscilloscope tube and switch of capacities/capacitances, with the

aid of which changes amplitude of steps of step voltage. For scanning

the beam of oscilloscope tube the step voltage, supplied to the

deflector plates of the tube through the appropriate regulator and the

phase inverter in the form of vapor phase voltage, is utilized.

Resulting time resolution of this oscillograph is determined by

effective passband of system, which depends to a considerable degree

on gate length, passband of cable of delay 8, located on input circuit

of signal, and operational stability of basic sets of instruments. In

the described oscillograph the resolution is not worse than 0.5 ns.

Considerable attention to developments of stroboscopic

oscillographs of nanosecond range is paid recently. The large number
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of investigations, in particular in the region of semiconductors

(especially tunnel diodes), is connected with the measurement of the

very short-term voltages/stresses of low value [201]. The

construction of the stroboscopic oscillographs, which make it possible

to record the very low-power radio pulses of nanosecond duration, even

more greatly will expand the field of application of a stroboscopic

oscillography.
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Chapter Eleven.

MEASUREMENTS OF PARAMETERS OF PULSES.

Use of pulses of nanosecond duration causes need of measuring

parameters of these pulses, i.e. their amplitude, duration,

repetition frequency or porosity.

Development of high-speed/high-velocity and stroboscopic

oscillography makes it possible increasingly to raise accuracy of the

determination of form of nanosecond pulses and measurement of their

parameters. However, there is a range of values of the parameters of

the pulses, whose measurement with the aid of the oscillographs it is

hindered/hampered or it is impossible. In particular, the

difficulties of the measurement of the parameters of the nanosecond

pulses of a small amplitude are caused, especially if they are not

periodically repeating. Furthermore, there is considerable practical

interest in the possibility of measuring the parameters of such pulses

with the aid of the directly indicating instruments (voltmeters, the

meters of small time intervals, etc.), which make it possible to take

a direct reading of value, also, with the larger accuracy than this

can be carried out with the oscillograph.

11.1. SPECIFIC CHARACTER OF THE MEASUREMENT OF NANOSECOND PULSES. )
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Measuring meters, intended for work in nanosecond range of pulse

durations, must have nodes, which are characterized by considerable

broad-band character.

Page 580.

Therefore, the greatest difficulties are caused by measurements of

pulses of a small amplitude, when for guaranteeing the high instrument

sensitivity appears the need of amplifying the measured pulses, what

by itself is insufficient the nanosecond pulse technique solved by

problem. In connection with this new methods must be developed or the

old methods of pulse radio meterings are improved.

In the measurement of parameters of pulses of nanosecond duration

methods, based on preliminary increase in duration of pulses [found

use 207, 208, 209]. In this case input circuits of the instrument and

diagram of the expander of pulses must satisfy specific requirements.

Other units do not differ from those used in different radio gage

devices/equipment. In such instruments are realized also the methods

of measurement with the aid of compensative and autocompensational

voltmeters [40, 210], which make it possible to measure the pulses

with a minimum duration of 10-100 ns.

Wide-band diagrams with high-frequency diodes in fundamental

measuring units are very frequently used. However, the use, for

example, of peak diode voltmeters makes it possible to measure the

( pulses with the amplitude, that exceeds 5-10 V. In this case in
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entire scale range of voltmeter there is no dependence of its

readings/indications on duration and shape of pulses, since the

characteristic of diode can be considered linear. But if the pulse

amplitudes decrease to values less than 5-10 V, then the need for the

account of the special features of the real volt-ampere characteristic

of diode appears. With the low values of anode current the

characteristic of diode differs significantly from linear function.

This leads to the need for the account of both the form and the

duration (or porosity) of pulses, which complicates work with the

instrument and noticeably reduces the accuracy of measurements. Use

in the schematics of such voltmeters of wideband amplifiers does not

make it possible to measure pulses with the duration of less than 3-5

ns due to the insufficiency of the broad-band character of amplifiers

with the considerable amplification factor.

Page 581.

For eliminating deficiencies in voltmeters, connected with

special features of nonlinear characteristic of diodes, are proposed

methods of measuring nanosecond pulses with small amplitude, when

properties of nonlinear elements with different volt-ampere

characteristics are utilized. In this case the dependence of the

results of measurements from the pulse duration is eliminated, and,

furthermore, there is the possibility to measure the pulse duration

together with the measurement of its amplitude, moreover to measure it

is possible both periodically repeating and single pulses [211, 212].

For measuring only the repetitive pulses of nanosecond duration are

1.mm mmm m m m -
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developed other methods [213, 214].

Appear specific special features, also, in measurement of

parameters of nanosecond pulses of high voltage. The need of applying

the voltage dividers in many instances encountered here limits the

minimum duration of the measured pulses due to the insufficient

broad-band character of dividers. Therefore for pulse measurements in

the nanosecond range the development of the corresponding attenuators

acquires essential vital importance.

Lines of transmission of pulses are utilized in all cases of

measuring parameters of nanosecond pulses in measuring circuit. The

methods of characteristic measurement of entire transmitting circuit

of measuring unit and therefore are of considerable interest. The

attention to the development of the devices/equipment, which make it

possible to measure the pulse responses of the transmission lines, to

rate/estimate character and value of heterogeneities in them and to

find other parameters of measuring systems is paid recently.

11.2. METHODS OF MEASURING THE PARAMETERS OF PULSES BASED ON AN

INCREASE IN THEIR DURATION.

Difficulties which appear in the measurement of duration and

amplitude of nanosecond pulses are to a certain extent removed if

preliminary increase in their duration is realized. Actually, in this

(case those preceding the unit of the expander of pulses must satisfy
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the requirement of considerable broad-band character only input

circuits of measuring device.
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The expander of pulses must ensure the completely specific and stable

increase in the duration of the measured pulses, and the subsequent

cascades/stages of measuring device are the usual diagrams, widely

utilized in the radio gage technology.

Fig. ll.la gives block diagram of device/equipment for measuring

duration of pulses [207). Here the pulse of the nanosecond duration

through the sufficiently broadly tuned circuits enters the expander of

pulses 1, which realizes linear magnification in the pulse duration.

Pulse from the output of expander enters the controlled generator of

harmonic oscillations 2; the number of oscillations, obtained from the

generator, for the pulse action time, is counted off by electronic

counter 3 and is recorded by appropriate indicator 4. Fig. ll.lb

gives the diagram of the simplest expander of pulses. In the absence

of pulses voltage across capacitor C is close to zero, since the

resistor/resistance of diode D, in the conducting state is small in

comparison with resistor/resistance R,.
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to t, tst

Fig. 11.1. Block diagram of device/equipment for measuring duration

of pulses (a), diagram of expander of pulses (b), measured pulse (c),

pulse at output of expander (d), pulse at output of amplifier (e).

Key: (1). Amplifier. (2). To generator.
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During the action of positive pulse the diode D, works as the peak

detector, which makes it possible for capacitor/condenser C to be

charged through resistor/resistance of R,, which is considerably lower

than the resistor/resistance of R,. An increase in voltage across

capacitor changes the polarity of voltage on the diode D,. Up to

moment of time t,, which corresponds to the termination of the action

of pulse, both diodes are not conducted and capacitor/condenser C is

discharged through the high resistor/resistance of R,. The capacitor

discharge ceases up to moment t,. Pulse of the increased duration,

which has the triangular form (Fig. 11.1d), enters the amplifier,

( which works also in the mode of the limitation of amplitude.
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Therefore from the output of amplifier is removed/taken the pulse of

approximately rectangular form (Fig. 1l.le), which controls generator.

Duration of triangular pulse, measured on its foundation,

linearly depends on duration of measured pulse. Proportionality

factor depends on the relation of resistors/resistances R, and R2 , and

also on the value of the voltage of the measured pulse and bias

voltage E. The coefficient of expansion does not depend on

capacitance value of capacitor/condenser C over a wide range.

Capacitance value C is selected for the specific range of the duration

of the measured pulse so that the charge of capacitor C would be

realized according to the linear law. The linear law of the increase

of voltage across capacitor C more easily is fulfilled for the pulses

of short durations. For an increase in the range of durations of the

measured pulses a change in capacitance value C can be provided. For

an increase in the interval of the measured durations with

constant/invariable capacitance value C inductance L, back-out

resistor of R,, can be used. The calculations of such a LRC-chain,

utilized also for the linear scanning/sweep in the oscillographs, are

given in S 10.3.

Usually expander relies on increase of duration of measured pulse

100 times and works in the range of change in initial durations to 10

times with divergence from linear law of expansion not more than 1-5%.

For decreasing the error of measurement the frequency of the

vibrations of controlled generator 2 must be sufficient high, since -
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electronic counter records each half-period of oscillations. In the

measurement by such impulse-momentum method with the duration several

of ten nanoseconds resultant error is approximately 5%.
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M. I. Gryaznov proposed methods of measurement of amplitude and

durations of nanosecond pulses, based on increase in duration of part

or entire pulse, that make it possible to lower error of measurement

for pulse duration up to units of nanoseconds [208, 209]. Fig. 11.2

gives the diagram, elucidating the method of measurement indicated and

intended for measuring the amplitude of nanosecond pulses of the

positive polarity (analogous diagram it can be constructed, also, for

measuring the negative pulses). The expander of the apex/vertex of

the measured pulse in combination with the compensative pulse

voltmeter here is used.

When voltage of pulse exceeds compensating voltage across

capacitor C., occurs charge of capacitor C through the

resistor/resistance of open diode R,, moreover R 4 R. Time constant

of the charge

SI C ),1.1)

where c=,CtR,,

Ca- the transfer capacitance of diode.

After termination of pulse capacitor/condenser is discharged

through resistor/resistance R to capacitor/condenser C,>>C up to
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voltage U. with time constant Tp=CR. Fig. 11.3 gives the oscillogram

of pulse at the output of expander.

I

• " i)
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Fig. 11.2. Diagram for measuring amplitude of nanosecond pulses.

Key: (1). Amplifier. (2). Start-up circuit. (3). Indicator.
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On resistor/resistance of R is formed the pulse of exponential form,

whose amplitude up is proportional to the excess of the surge voltage

above that compensating for and it is inversely proportional to the

duration of the measured pulse (when t<Tj). -his pulse is the expanded

apex/vertex of the measured pulse. The bellying of the measured pulse

is amplified and then this pulse enters the start-up circuit, starting

it; functioning this diagram is recorded by indicator. Changing the

value of the compensating voltage with the aid of potentiometer R, it

is possible to draw nearer the compensating voltage the amplitude

value of the measured pulse so that will be discontinued functioning

start-up circuit. The value of the compensating voltage U., which

corresponds to the threshold of functioning start-up circuit, is

measured by voltmeter. The accuracy of measurements is

rated/estimated by the relationship/ratio

u, (11.2

where U - amplitude of measured pulse.

MENO
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At moment of cessation/discontinuation of functioning start-up

circuit occurs equality UL=I(Up, where u, - voltage of threshold of

functioning start-up circuit; K - amplifier gain. If values U and U.

are constant, then with a decrease in the duration of pulses (t,,<T 3) the

amplitude of the bellying of pulse u. decreases, which causes need

(for guaranteeing the given value U.) in the decrease of value U,.

However, the decrease of voltage U, according to (11.2) leads to an

increase in the error of measurement.

)
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Fig. 11.3. Pulse at output of expander.

( i
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Therefore, with a decrease in the pulse duration, in order to decrease

an error of measurement, it is necessary to increase factor of

amplification K.

Thus, expansion of apex/vertex of measured pulse makes it

possible to measure its amplitude for short pulse duration, since

application of narrow-band amplifier becomes possible. However, the

duration of the expanded pulse must be less than the pulse repetition

period. This means that the passband of amplifier is determined only

by the maximum repetition frequency of the measured pulses.

The expansion of pulse apex, furthermore, contributes to the

elimination of effect of transfer capacitance of diode CA, measured

pulse through capacity/capacitance of diode (if t. '4rp) evinced by

straight/direct passage. The amplitude of this pulse is equal to

and it does not depend on the compensating voltage. For eliminating

the undesirable effect of straight/direct pulse advancing it is

necessary that the amplification of this pulse would be insignificant,

i.e., amplification factor would satisfy the inequality

If t c i CC,) (11.4)

If this condition is not satisfied, then a false response of
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start-up circuit appears. Since amplifier has narrow passband, the

inequality (11.4) is fulfilled for the pulses of the nanosecond

duration, when t. < rp. If necessary to measure the amplitudes of

pulses, whose duration is more than vp, it is necessary to reduce

amplification factor or to introduce the diagram of the compensation

for straight/direct pulse advancing through the diode. Such diagrams,

which include inverter cascade/stage or bridge circuit, complicate the

construction/design of measuring meter.

As has already been indicated, in measurement of pulse amplitude

with smallest duration of (t. <t) for reduction in error of measurement

it is necessary to increase factor of amplification K.

Page 587.

For the same purpose to desirably reduce time constant '3=r(I+C/CA),

for which should be used the diodes with the minimum value of time

constant T=CrR4. However, the selection of the low value of relation

CiCA is undesirable, since this can lead to the unstable work of

instrument and an increase in the error of measurement. It is

necessary to note that with the estimation of error in the measurement

of the pulse amplitude the value of the resistor/resistance of open

diode Rx is considered constant. However, the volt-ampere

characteristic of diode, is especially in its initial part

substantially nonlinear. Therefore the expressions given above are

valid only in the measurement of pulses with the sufficiently large

amplitude. A total error of measurement of the pulse amplitudes with
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a duration of about 1 ns composes 1-5%, and for the pulse duration of

more than 20 ns error compose a total of about 0.5; with the pulse

amplitude of approximately 100 V.

Fig. 11.4 gives another diagram with expander of pulses [209],

which makes it possible to measure pulse duration at its assigned

level E. The here measured pulse enters the balance detector,

assembled on the diodes and which is used for a preliminary increase

in the pulse duration.

\F
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Fig. 11.4. Diagram for measuring pulse duration at assigned level

(a), oscillogram of pulse (b).
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The reference-voltage source 3 is included in one arm of the detector,

and in the second arm reference voltage is created by the source,

connected to terminals 4. When the voltage of the measured pulse

exceeds voltage across capacitor 5, occurs charge of capacitor 6

through diode 2. However, in the case of the excess of the voltage of

the pulse above total voltage across capacitors 5 and 7 the charge of

capacitor 8 through diode 1 is realized. The capacitor discharge 6

through resistor/resistance to 9 occurs after the termination of

pulse, while that of capacitor/condenser 8 - through

resistor/resistance to 10. Thus, on resistances to 9 and 10 there are

formed the expanded pulses of approximately triangular form, but with

the different amplitude. These pulses through capacitors/condensers

S ii and 12 enter subtraction scheme 13. The pulse, obtained as a

_ /
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result of the subtraction of two pulses indicated, will have an

amplitude, proportional to the duration of the measured pulse at the

assigned level (fig. 11.4b). Differential pulse after amplifier 14

through diode 15 enters capacitor/condenser 16, which is connected

with electrometric diagram 17. This diagram measures voltage across

capacitor 16, which corresponds to the duration of the measured pulse

at the assigned level. Key 18 serves for stress relieving from

capacitor/condenser 16.

11.3. METHOD OF MEASURING THE PARAMETERS OF THE PULSES OF KNOWN FORM

AND BY THE JETTY OF AMPLITUDE.

Methods of measurement of parameters of nanosecond pulses

described above are suitable, if pulse amplitude is considerable, i.e.

when its value exceeds value of nonlinear section of volt-ampere

characteristic of diode. In the measurement of the parameters of the

periodic pulses of a small amplitude stroboscopic methods can be used,

whereas the measurements of single pulses with a small amplitude and

the duration are very difficult.

M. I. Gryaznov proposed method of simultaneous measurement of

amplitude and duration of nanosecond pulses of known form and small

amplitude, based on use of two nonlinear elements with different

volt-ampere characteristics [211, 2121.

Page 589. )
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In the measurement of such pulses, which have the large porosity (more

than 102), is realized the conversion of nanosecond pulses with the

aid of the nonlinear circuit into the longer pulses, amplitude whose

measurement is easy to carry out.

Simplest diagram of expander of pulses with nonlinear element is

given in Fig. 11.5. During the action of the pulse of voltage u.

occurs the charge (or the discharge in the dependence on the pulse

polarity) of capacitor/condenser C. After the termination of pulse

this capacitor/condenser is discharged (it is charged) to the initial

voltage through resistor/resistance of R and internal

resistor/resistance of nonlinear element. For pulse widening the

proper relationship/ratio of the time of charge and capacitor

discharge C is selected.

Let us examine dependence of amplitude of expanded pulse on

parameters of measured pulse. For the majority of the nonlinear

elements, utilized in the diagram of the expander of pulses, the

volt-ampere characteristic is represented by the expression

i =F(u,-D.,), (11.5)

where D - permeability of nonlinear element (in the case of diode

D-1). Process in the diagram is described by nonlinear equation [212]

F [u,(t) - Du.(t) =C [Q+ u] (1.6)

where u,t)-u,-u.,.; u,(t)=u.-u.; u,. and u.. - initial constant voltages on

input and output of nonlinear element, its determining mode works.
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Fig. 11.. Diagram of expander of pulses with nonlinear element.

Key: (1). Nonlinear element.
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If the discharge time of capacitance C is considerably more than the

duration of measured pulse t > t.0(t,.. - the pulse duration, measured on

its foundation), then

Du. (t) <u, ().

Then equation (11.6) takes form

F [UC(t)1 --- d , (11.7)dt

from which it is located amplitude of expanded pulse

fife
U,=-. I F[u,(t)]dt. (11.8)

If expression of input pulse is recorded in the form

U,(t) = Uq(t.), (11.9)

where U - pulse amplitude; q(t,) - function of shape of pulse; )
-- /~,; t. - pulse duration at certain level, then
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U2 IF [Uq (t)l di, (11.10)
0

where Q='7!,- porosity.

If we take t--t,,, then

us:= - -F tUq(t,)l dt. (1.

0

Thus, amplitude of expanded pulse is linear function of duration

and nonlinear function of amplitude of measured pulse.

Page 591.

If pulse is supplied to the input of two expanders with nonlinear

elements, which have different characteristics F(u) and F,(u), then at

their outputs there will be those expanded of pulse with amplitudes of

U ±-a F. [Uq (t.)Idt0,

*0U'b==b .I F6 [Uq (/,)1 dt,.

0

Counting C.=Cb, is examined relation

F. j]qlt*jldto

Oq ( U) F,* ._. --. (11.13)

h, () 1. l~ (t,!d 4
( •i
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This relation does not depend on pulse duration and is only

function of amplitude of pulse U, assuming that shape of pulse is

known. Obviously, hq(U)o const, if functions F.(u) and Fb(U) are

linearly independent in the operating range of voltages/stresses.

Thus, determination of amplitude of pulses of known form is

reduced to measurement of amplitudes of expanded pulses U,. and U2b

and determination of their relations, and then on their relation and

known dependence hq(U) for assigned shape of pulses is located their

amplitude. Measuring device to more simply develop when is known not

hq(U) for any given shape of pulse, but relation for the square pulses

h, (U)-
Fb (U)'

which proves to be simplest (here q(t.)-l with 0<t.<l and q(t,)=O with

l<t,<Q). Then on this dependence and on the known shape of the

measured pulse the result of measurements is recounted by simple

method.
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This conversion can be realized with the aid of the graph or simply

with the aid of the calibrated dial faces, which records relation

h,(U) for the different shapes of pulses.

It is possible to show [211, 212] which for graphing of

translation is conveniently relation hq(U) represented in the form of
'I
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series/row according to degrees of value U with coefficients

I qn+'(t) dr,

K. ---- '(11.14)

Lq"lt) Ie

which are determined exclusively by shape of pulse and are called

factors of form of pulses of n order. In the general case the factors

of the form of the pulses of the n order can be expressed through the

factor of first-order form as functions K.(Ki). In this case for the

most widely used forms of video pulses these functions differ little

from each other.

Table 11.1 gives values of coefficient K. for some shapes of

pulses [211, 212].

When nonlinear element has volt-ampere characteristic, expressed

by quadratic dependence, then above- indicated series/row has only one

member with factor of form K,. In this case the measurement of the

pulse amplitude is reduced to the determination of the value of

relation h,(U), and then according to graph/curve (fig. 11.6) is

determined value K,U-U.. Knowing pulse and, consequently, also K,, it

is possible to find U. Virtually it is expedient determine value

Iiq(U) with the aid of the logometer. If the output meter of logometer

is graduated directly in values U,-KU, then it is possible to

directly count off the amplitudes of measured pulses.

(i
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Fig. 11.6. Dependence of function hq(u) onl KU.
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Table 11.1.

(IV (*jV) Be H __b __00Hamue OTcqea (T
KNUlyACa JlPM8 KKUYJCA 4 (to AA Te.lb- Flpn tetaHite

lpsuoyroa --- 1; 0 t, < 1
rIea .I . 0;, I <to<Q

( )t o  ; 0 1 a2 a = t + + tc p,

Tpane. a 2 3-2a n 2 W- t'

Ineua.IbrnU A 1; a -I<t 3 2-a x(n+2)(l-a)+a a-] JAR Tpe-
- yroa.bHOie

0;1 <to<Q 2-a ObHOiM

(4 + I )) orlpamoy:ojb a+ (I a) t 2 - an+ --OTHOCTe.
HbIA CO CKOue- 0< to <lI n+9 l a" H3 a e-o oujqrHa
.ol sep0uvoA f t0; 1<to I Xa+-La) cnaa BCPWUHL-,

(Jo)
3Kcnonen.I

tl aa hm A 0t' ,  -t9 Q n + e

Key: (1). Name of pulse. (2). Shape of pulse. (3). Reference

level of duration. (4). Note. (5). Rectangular. (6).

Trapezoidal. (7). a-l for triangular form. (8). Rectangular with

chamfered vertex. (9). a - relative value of decay in apex/vertex.

(10). Exponential.

(i
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Continuation Table 11.1.

r)[Ipemoyrcab. 1; 0 <to< 1 a -
HU c SKcnoHeH- e-a(-) 2a + I a (n I) + I ceUH M cpe -' 2(a+ I) (4+ 1)(n+ 1) e ( l- ,,-nocIoCH-
aoM l~t.<Q Ha? Bpt'MeHH302 1< Cpe3,3)

'3) TpeyrIb.u I ta' 0<t,(a 2a+3 a(n+l)+n+2 1 1C SKcnoxex- a 2 OTta- a
-Ua.bHM Cpe-a- (a + 2).3 2 (a+2)(n +1)(n +2) °p

30M ;a<t<Q a

cos 2,52

(Koclf,'- os ; K, 0,54[

0; I <t0<. Q -OS 32,,+ I~
KociIHVCKSA- -Cos*paifi A 0 < to <4 2 0+ 1) ,+i 2

0;1 <to<Q
(I')Ko.mo0C O .  e--t; I

e Q 0. 0,45606Pa3Mbt#- _Q < t:<QoW

Key: (1). Rectangular with the exponential shear/section. (2).

time constant of section). (3). Triangular with exponential section.

(4). from ... to .... (5). Cosinusoidal. (6). Cosine-squared.

(7). Bell-shaped.
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With the more complicated volt-ampere characteristics for determining

the pulse amplitude besides coefficient of K, in the form of

correction it is necessary to consider the factors of the form of

higher order, expressed through coefficient of K,. However, in the

measurement of pulses with small amplitudes and in these cases with a

sufficient degree of accuracy it is possible to use the graph/curve, )
analogous to that given in Fig. 11.6, or to calibrate the scale of
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output meter directly in values U..

If pulse amplitude is measured, then according to (11.11) in

value U, it is possible to determine pulse duration expedient to t,,.
For measuring the pulse duration is more expedient I-o

;select this mode of nonlinear element, with which in working amplitude

range of measured pulses his volt-ampere characteristic it would be

possible to consider linear, i.e., F(u)=Su, where S - mutual

conductance. Then instead of (11.11) it is possible to record

u. = S .U .q (t.) dt,
0

or the duration of the pulse

UIcu______ (11.15)t. Q
SU E q(t.) dt,

0

It is convenient to select reference level of pulse duration by

such, in order to

(t)dt = 1,

then pulse duration, measured under this condition,

us(11.16)

It is virtually convenient at output of meter of value U, to

place divider of voltage (potentiometer), with the aid of which in

measured pulse amplitude it is possible to establish/install
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coefficient of division, proportional I/U.

Page 596.

Then readings/indications of meter (millivoltmeter) are proportional

to the duration of pulse t,, and, consequently, its scale can be

graduated in the values of the pulse duration.

Described method of measuring of amplitude and duration of

nanosecond pulses of small amplitude (less than 1 V can be used for

measuring parameters both of periodically of repeating and single

pulses. In the latter case for measuring the amplitude of expanded

pulses, whose duration can be led to hundreds of microseconds, should

be used the peak memory/memorizing pulse millivoltmeters.

The possibility of measuring parameters of single nanosecond

pulses considerably raises value of method in question since similar

measurements with the aid of high-speed/high-velocity oscillographs

are very hindered/hampered, and - it is generally impossible with the

aid of stroboscopic.

Accuracy of measurement of parameters of pulses with amplitude

considerably smaller of 1 V, it is determined by selection of

characteristic of nonlinear elements, by stability of mode and by

accuracy of preliminary calibration of scales. In spite of the

relative complexity of the method examined, can be obtained the

satisfactory accuracy of the measurements of the parameters of the
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nanosecond pulses, whose amplitude is approximately to two orders

lower than permitted in the oscillographic measurements of pulses,

especially single.

Method in the case of applying of three or more number of

nonlinear elements indicated makes it possible to determine

coefficients, which characterize form of video pulse [211, 212).

Thus, during the application of three nonlinear elements becomes

possible the development of the instrument, which measures

simultaneously three parameters of pulse.

11.4. MEASUREMENT OF THE PARAMETERS OF THE REPEATING PULSES BY THE

METHOD OF COMPARISON.

For determining time parameters of repetitive pulses duration of

order of tenths and units of nanoseconds into [213] proposed method of

measurements, based on comparison of two identical pulses.

Page 597.

This method is similar to the stroboscopic method (see S 10.6), but

here the role of strobe pulse fulfills the pulse being investigated,

and at the output of meter instead of the image of the pulse being

investigated is obtained the graph/curve, from which are determined

the time parameters of pulse - the duration of front, shear/section

and pulse apex.
C
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Fig. 11.7a gives block diagram of meter. The pulse being

investigated enters the coaxial splitter both through coaxial line 1,

which has constant length and also through coaxial line 2, whose

length can be regulated, it is supplied to the wide-band comparison

circuit of 3. Voltage u, at the output of comparison circuit is noted

by indicator 4. Changing the length of line 2, it is possible to note

the different values of the output voltage u,, which correspond to

selected time difference of the delay r of the second line relative to

the first. From the obtained graph/curve u,-f(T) are determined the

parameters of pulse. In Fig. 11.7b is given comparison circuit.

After coaxial splitter identical pulses enter the diagrams (points b

and c).
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- I

Ca M

Fig. 11.7. Block diagram of installation for measuring duration of

pulses (a), comparison circuit (b).

Page 598.

The coaxial line, connected to point c, has a variable length.

Comparison circuit consists of a high-frequency diode,

resistor/resistance R, and capacities/capacitances of C, and C,.

Let us examine case of trapezoidal shape of measured pulse. Fig.

11.8 gives the oscillograms of pulse u,, which enters point b pulse

u,, which enters the point that delaying to the period r relative to

pulse u,. At point a of diagram voltage i, is created. Depending on

the instantaneous values of pulses u, and u, the diode proves to be in

the state of straight/direct or reverse/inverse conductivity. Fig.

11.9 gives the equivalent diagrams, which correspond to the comparison

circuit in the case of the straight/direct (Fig. 11.9a) and
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reverse/inverse (Fig. 11.9b) conductivities of diode. Here - the

line characteristic, R, and R, - respectively the resistor/resistance

of diode with the straight/direct and reverse/inverse conductivity.

Since resistor/resistance R. is considerably more than

resistors/resistances of R. and R,, then current i, is less than

currents i, and i,. Determining first voltage at point a, equal to

u., then it is possible to find voltage on capacity/capacitance of C',

i.e. the output voltage u.. If the volt-ampere characteristic of

diode is approximated by piecewise-linear function, then for voltage

u- it is possible to obtain (213] following expressions:

2(R, + p) 0)
U =s 2u,- +2P (u,-u.) ipi t +(tL-') (11.17)

Key: (1). with

and

Y R;+2 )C I

Key: (1). with.

t'
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Fig. 11.8. Oscillograms of pulses in comparison circuit.

i ____
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Amplitude of output potential of comparison circuit is determined

from formula

U0 RC Sudi. ( 1.19)

Knowing value of voltage U. for different values of delay time T,

it is possible to construct graph/curve U,=f(r). In the case of the

linear approximation of the characteristic of diode from this

graph/curve it is possible to find two characteristics of the pulse:

the sum of the durations of front and the shear/section of pulse and

the duration of flat/plane pulse apex (Fig. 11.10a).

If we consider that with direct conductivity of diode its

volt-ampere characteristic is approximated by square-law

characteristic, and with reverse conductivity - by the linear

function, then it is possible to determine by the method indicated

three time parameters of pulse. For the interval of time t>(t,+r)

occurs the reverse/inverse conductivity of diode and voltage 11, is

determined by expression (11.18). With 0<t<(t,+r) voltage it. is

nonlinear function from u,, u,, t, and r and can be determined by

graphic method. Designed thus dependence U.+f(r) is represented in

the form of graph/curve in Fig. 11.10b.

_)
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Fig. 11.9. Equivalent diagrams wh-ich correspond to comparison circuit

in the case of direct conductivity of diode (a), reverse/inverse

conductivity of diode (b).

Page 600.

With the aid of this graph/curve are determined three time parameters

of pulse - the duration of front, shear/section and flat/plane pulse

apex.

In measurement of parameters of pulse error will be the less, the

more precise carried out precomputation by curve U.=f(r) for this type

of diode and the wider-band comparison circuit, which is fulfilled in

the form of coaxial system similarly to converter in stroboscopic

oscillograph. For various forms of the pulses being investigated it

is necessary to previously have calculated graph/diagrams of

dependence U.-f( 7). Experimental investigations show that it is

possible to construct a comparison circuits with the passband of

approximately 5 GHz and to carry out measurements of pulses with the

front with duration on the order 0.1 ns [213].

I ___________
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Method of determining parameters of pulses with self-strobing can

be different [214]. Let the diode which operates in the comparison

circuit have the quadratic volt-ampere characteristic i=kuz. Both

pulses enter directly the diode indicated. Depending on delay factor

of the pulse, which passes variable delay line, overlapping of the

pulses, which come the diode, will be different (Fig. 11.11),

therefore, will be different and output potential of comparison

circuit

1 (t)=:k [,2 (t)-+ u) (t) + 2u(t) u.()l.

Value of the product u,(t)u,(t) can give information about-

parameters of pulse being investigated.

m mm mu mm mlm~mmmll I ml i mmm ( m" " ))



DOC - 88076734 PAGE

I I i

I I
I I II I

t2- t2.€j  4 t-t, tfPt

a) 6)

Fig. 11.10. Dependence U.=f(r): a) for case of linear characteristic

of diode; b) for case of square-law characteristic of diode.
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If pulses do not overlap, then this product will be equal to zero.

Let us examine expression for the value of impulse flashing over of

trapezoidal form and rate of change in this overlap as the functions

of relative pulse delay r. Using the designations of Fig. 11.11 we

have in the interval of delay o<r<(it +tcp) a height/altitude

sin a sin It %(/
sin (a+P)ctg + ctg T+ t.,

Area of impulse flashing over

S '-h -ClU

Rate of change in area of overlap

dS U

1 + lei
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Fig. 11.11. Graphs of pulse overlap with self-strobing.

Key: (1). Delay.

Page 602.

Analogously for interval of delay (e,+t,0 ,)<% <(t,+t,,+t,) we will

obtain ds/dN=U; ror interval or delay (1 1 1 ,t.±-c~)<'<(t, +2. -te,)

we have dS/dt=-U; for interval of delay t

this rate of change dS U

where t,,,, 1,1,, t, - respectively duration of front, shear/section and

flat/plane pulse apex; U - amplitude of voltage.

For different intervals of the variation of delay factor r

dependence of area S on r is differently and represented either by

parabolic or linear function with different inclination/slope.

Observing slope deviation the crown of curve for different intervals

of delay r it is possible to obtain information about the sum of the

durations of front and shear/section (4-+4 1,), the corresponding to

parabolic section curve, about the duration of pulse apex t.. by the

corresponding to linear section curve, and about amplitude U, which
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corresponds to the slope of the linear section of curve. The obtained

relationships/ratios are valid for the quadratic dependence of the

volt-ampere characteristic of diode, which occurs with the work with

the low value of signal.

In contrast to stroboscopic method of oscillography, where time

resolution is determined not only by broad-band character of

converter, but in essence with gate length, here plays role only

broad-band character of comparison circuit. Furthermore, in the

measurements by the method examined there is practically eliminated

the effect of the factor of the instability of the temporary situation

of the gate pulse of that of relatively investigated.

11.5. Dividers of the voltage of nanosecond pulses.

During the investigation of nanosecond pulses of high voltage and

in measurement of their parameters voltage dividers frequently are

utilized, since in majority of cases high-speed oscillographs, pulse

voltmeters and other instruments of nanosecond range are not designed

for work with high voltage.

The fundamental requirement for different attenuators, which are

utilized in nanosecond range of durations, is the requirement of

considerable broad-band character. Therefore, such devices are built

mainly in the form of systems with distributed parameters.

Page 603.
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When the required passband does not exceed hundreds of megahertz,

there can be utilized dividers in the form of circuits with the lumped

parameters. Dividers with the lumped parameters are capacitive or

from the effective resistance. Capacitive voltage- dividers must be

arranged/located directly about termination in order to avoid the

stray inductances of coupling conductors. The transmission of pulse

from the output of divider to the load with the aid of the cable is

here excluded due to the impossibility of the agreement of capacitive

voltage-divider with the wave impedance of cable. During the proper

construction/design of capacitive voltage-divider with its aid it is

possible to divide the voltage of pulses with a minimum duration of

front of up to 0.5-1 ns.

So that dividers from effective resistance would not have

noticeable parasite inductances and capacitances, the effective

resistances are fulfilled in the form of special carbonic coatings,

applied to ceramic rods, cylinders or washer. The resistor/resistance

of the high-voltage arm of divider does not usually exceed 1 kilohms,

since with the high value of resistor/resistance there is manifested

the shunting effect of longitudinal capacity/capacitance. However,

the resistance of the output arm of divider there must not be too

little, otherwise is manifested the effect of stray inductance. The

output arm of divider from-the effective resistance can be coordinated

with the wave impedance of the cable, utilized sometimes for the

transmission of pulse from the divider to the load. Dividers from the
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effective resistance sometimes are placed into the coaxial systems.

Thus, during the use T - the figurative circuit of divider is obtained

the simple construction/design of the divider of the voltage, which

has the low parasitic parameters (Fig. 11.12) [215]. Central rod from

the ceramics is located within the cylindrical external conductor. As

resistor units R, (sequential branch of divider) there are used the

resistors/resistances from the carbonic coatings on the ceramic

stream, while as the element of resistor R, (parallel branch of

divider) - layer, applied to the ceramic disk, which has contact with

the central rod and the external conductor. Carbonic layer will be

deposited to one side of disk in order to avoid supplementary stray

capacitance. For eliminating eddy-current effect on the value of

resistor/resistance at different frequencies the thickness of carbonic

layer is taken by very small.

Page 604.

Divider of this construction/design can be used for work with

pulses, duration of front of which approximately one nanosecond.

As dividers of voltage of nanosecond pulses find use dividers,

which are simultaneously load resistors/resistances usable in

technology of superhigh frequencies.
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i b)

Fig. 11.12. Diagrammatic representation of construction/design of

divider of voltage (a), schematic of divider (b).

Key: (1). Input. (2). Output.

Fig. 11.13. Diagrammatic representation of construction/design of

divider of type NS-1 (a), diagram of divider (b).

Key: (1). Input. (2). Output.
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Thus, for instance, utilized are series load resistors/resistances,

which are simultaneously dividers, of the type SN-1, ESN-100, designed

for different power with the coefficients of the division of voltage

10 and 25, and also other dividers. Fig. 11.13 gives diagrammatic

representation of the construction/design of a divider of the typeI
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NS-1. Here cylindrical resistor/resistance of the type of UNU is made

in the form of carbon coating, applied onto a ceramic rod.

Resistor/resistance is placed into aluminum shield of the

variable/alternating section, whose diameter changes exponentially.

Stepped transition/junction provides the matching of input resistance

of divider with coaxial cable (of type RK-75-4-15), which has the wave

impedance of 75 ohms. In the design the removal/outlet of divider,

designed for the weakening 20 dB at the power to 10 W, is provided.

Output resistance of the divider of 75 ohms. The broad-band character

of divider is affected the quality of transitions/junctions and on

properties of carbonic coating. The latter has a layer, whose

thickness is small, and it is possible to disregard the effect of

surface effect to the frequencies, which exceed 1 GHz. Such dividers

can be utilized with the work with the pulses, which have the duration

of front of approximately 0.5 ns and more.

Fig. 11.14 depicts divider in the form of distributed system,

developed by Fletcher [216]. At the base of divider lies/rests the

simplest dividing circuit (Fig. ll.14a), where consecutive and

parallel resistor elements R, and R. are formed by the input

resistances of two concentrically arranged/located coaxial lines (Fig.

11.14b). Internal line with a wave impedance of 5 ohms

(resistor/resistance R,) has polyethylene insulation. In the external

line as the insulation is used rutile (TiO,), whose relative

dielectric permeability is equal to 85 and does not depend on

frequency up to 30 GHz. The internal and external surface of rutile

is covered with silver.
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a)

R2

6)

Fig. 11.14. Diagrammatic representation of coaxial divider of voltage

(a), schematic of divider (b).

Key: (1). Input. (2). Output.
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The wave impedance of the second line (resistor/resistance R,) is

equal to 0.5 ohms. Thus, the coefficient of the division of voltage

is equal to 100. The output removal/outlet of divider is taken from

the internal conductor of the second line through the opening/aperture

in the ceramics. Tapping point is selected so that the corresponding

sections of line would be agreed on. The distortions of pulse during

its division do not exceed 10* for the duration of front 0.3-0.4 ns.

When continuously variable control of coefficient of division is

required, can be used construction/design of divider, carried out in

the form of non-uniform circuit of transmission, whose length of

center conductor is regulated. Vith a change in the length of center

conductor the resistor/resistance of one branch of divider changes,

and consequently, changes the coefficient of division. However, it is
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necessary to bear in mind, that during the transmission of pulses

along non-uniform circuit appear some distortions of pulse, as this

follows from the examination of the transient responses of

non-uniforms circuit of transmission (S 1.8).

11.6. Measurement of the pulse responses of the transmission lines.

In measurement of parameters of nanosecond pulses high value has

quality of lines of transmission of measuring circuit. The

transmission lines must not distort the pulses, applied to the input

of the measuring instrument or transmitted from one unit of measuring

device to another. Transmission lines must be sufficiently wide-band

and not have noticeable heterogeneities.

During transmission of pulses of nanosecond duration it is

frequently indicated that the time of propagation of the pulse along

the line is considerably longer than its duration. The presence of

heterogeneities in the line causes appearance of the echo pulses,

which are propagated in the form of incidental and counterflows.

Page 607.

However, in the form of the short duration of main impulses and with

their considerable porosity the echo pulses do not introduce such

noticeable distortions of fundamental pulses, as this could be with

the longer pulses or in the case of the transmission of continuous

* ' oscillations. Therefore during the transmission of nanosecond pulses
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the evaluation/estimate of the quality of the transmission lines

according to their frequency characteristics, taken/removed in steady

state, can be erroneous. Instead of the widespread in the technology

of shf method of the evaluation/estimate of lines with the aid of the

standing-wave ratio, measured in steady state, for the nanosecond

pulse technique is frequently desirable the measurement of the

transient or pulse responses of lines. The latter, in particular,

make it possible to reveal and to rate/estimate the heterogeneities,

available in the transmission line.

Thus, for evaluation/estimate of heterogeneities in two-wire

circuits and waveguides already sufficiently widely is used method of

measurements with the aid of pulses of very short duration, based on

principle of radar [217-220]. Fig. 11.15 gives the block diagram of

the measuring device, intended for the evaluation/estimate of

heterogeneities and removal/taking of the pulse responses of line.

The master oscillator 1 shapes the trigger pulse, which enters the

generator of sounding pulses 2, and also shapes the calibration pulse,

which enters pulse oscillograph 6 through a certain time interval,

whose value is regulated. The generator of sounding pulses

forms/shapes either video pulses or radio pulses in the dependence on

the type of the circuit (cable or waveguide) being investigated and

its designation/purpose. Sounding pulses very by the jetty of

duration and the pulses, reflected from the heterogeneities of

measured line 3, come detector 4 and after it to the attenuator or

amplifier 5 oscillograph. )

_________
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All these pulses are observed on the oscillograph and intervals

between them are measured with the aid of calibration

device/equipment.

i
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Fig. 11.15. Block diagram of device/equipment for measuring

heterogeneities of the channel of transmission of pulses.

Page 608.

Realizing preliminary calibration of the circuit of the signal of

oscillograph, it is possible to measure the voltage of the echo pulses

and to rate/estimate the value of heterogeneities along the line being

investigated. Depending on the required resolution of instrument as

the sounding pulse are utilized the pulses by a duration from

fractions of a microsecond to fractions of a nanosecond. During the

selection of the duration of sounding pulse is considered both the

necessary time resolution and the reliability of the determination of

the coefficient of reflection of waves from the heterogeneities.

Therefore, a certain optimum value of the duration of sounding pulses

[158] is selected.

During investigation of waveguides, furthermore, it is necessary

to consider optimum value of pulse duration in connection with

increase in duration of radio pulses during their propagation on

waveguide due to dispersion, whose effect on increase in pulse

duration depends on length of waveguide being investigated (see S

1.7). For rectangular waveguides the optimal duration of the sounding )
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radio pulse is within the limits of 2-5 ns.

During investigation of nanosecond pulses by means of an

oscillograph, which contains a tube with a deflecting system of type

of traveling wave (TBV), it is very desirable to know characteristics

of tube and, in particular, value of heterogeneities at the input and

output of the deflection system and along its spiral. Such

measurements can be carried out according to the method in question.

If we in the measuring unit use the stroboscopic unit, which makes it

possible within large limits to change the value of the amplification

of pulses after their conversion, then the sensitivity of entire

installation considerably increases. Therefore it proves to be

possible with a sufficient degree of accuracy to investigate the

heterogeneities of the deflection system of the TBV and, consequently,

also to estimate its pulse response.

Fig. 11.16 gives simplified block diagram of installation,

intended for investigation of circuits of travelling-wave tube and TBV

[221]. The unit of pulse generator 1 forms/shapes the sounding radio

pulses, which enter the TBV 2 being investigated, and it also shapes

the synchronizing pulses, which pass to the generator of strobe pulses

3.

Page 609.

The pulses, reflected from the heterogeneities of the tube being

(investigated, with the aid of directional coupler 4 are
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separated/liberated from launched pulse and are fed to the converter 5

of the stroboscopic unit, to which simultaneously come the strobe

pulses. After amplification with the aid of the travelling-wave tube

6 converted radio pulses enter detector 7. After detector the pulses

through low-frequency filter 8 fall on usual oscillograph 9, which has

amplifier in the circuit of signal. The spacings between pulses are

measured on the oscillograph and their amplitude is determined. After

this, the pulse response can be constructed.

There is great interest in the possibility with the aid of method

in question to determine the nature of heterogeneities in the line,

and to also measure the value of wave impedance along the line [220].

The application of a stroboscopic oscillograph for indication and

measuring the pulses allows in the series/row with the sounding pulse

to measure the echo pulses of a small amplitude. The ratio of the

amplitudes of the sounding and reflected pulse can be 1000, and the

measured distances between the heterogeneities in the cable can be the

order of centimeters.

For determining the nature of the reactance, created in line by

heterogeneity, a comparison of signals reflected from investigated and

known heterogeneities is conducted. Fig. 11.17 shows the oscillograms

of the signals, reflected from the purely inductive (a), capacitive

(b) and active (c) heterogeneities [220).

mm mm m mmmmmmml i )
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Fig. 11.16. Block diagram of installation for investigation of

delaying systems.

Page 610.

When heterogeneity is effective resistance, it is possible to take its

measurement with an accuracy to hundredths of an ohm. For this

instrument it is calibrated on the standard resistance.

With the aid of such instrument, duration of sounding pulse of

which is equal to 0.5 ns, were investigated coaxial cables,

heterogeneities were determined and change in wave impedance of cable

along its length was measured. This made it possible to coordinate

the electrical length of the cable with an accuracy to several

millimeters.

Further improvement of described methods of characteristic

measurement of lines of transmission and wide-band deflection systems

of oscilloscope tubes will make it possible to improve

evaluation/estimate of the quality of the systems and, thus, to ensure

proper checking during development of new pulsers of nanosecond range.

(
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Fig. 11.17. Oscillograms of input and echo pulses during a study of a

line with heterogeneity of inductive (a), capacitive (b) and active
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